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Major problems facing the industrialized world today include the contamination of 
sediments, ground water and surface water with hazardous and toxic chemicals. In 
Singapore, significant environment contamination has occurred in the past and will 
probably continue to occur in the future. For example, on 5 December 2002, about 350 
tons of Sumatra Light crude oil leaked into marine coastal waters off Singapore after a 
cargo ship and oil tanker collided (Iafrica World News, 2002). Regulatory provisions 
have been implemented in Singapore to reduce and eliminate the release of oil to the 
natural environment. A research study has been conducted to investigate the potential 
and optimization of bioremediation on the clean-up of oil-contaminated beach 
sediments in Singapore.  
 
A laboratory study and a field investigation were conducted to assess the potential of a 
slow release fertilizer, i.e. OsmocoteTM to enhance indigenous microbial 
biodegradation of aliphatic hydrocarbons i.e. straight (i.e. C10-C33) and branched         
(i.e. pristane and phytane) alkanes, as well as 4-ring polycyclic aromatic hydrocarbons 
(PAHs) i.e. fluoranthene and pyrene in Arabian Light Crude Oil (ALCO)-spiked beach 
sediments.  Relative to an unamended control, the presence of 1.2%(w/w) OsmocoteΤΜ 
sustained a significantly higher level of nutrients (i.e. NH3-N, NO3--N and PO43--P) in 
the sediment leachate (laboratory) and in the sediment pore water (field trial). The 
metabolic activity of the indigenous microorganisms, as measured using an 
intracellular dehydrogenase enzyme and microbial respirometry assay, was also 
significantly enhanced in OsmocoteΤΜ−amended sediment, in both the laboratory and 




conservative biomarker showed that in the laboratory study, 78%, 66% and 63% of 
pristane, phytane and total n-alkanes in the OsmocoteΤΜ−treated sediment were 
biodegraded compared to respective levels of 33%, 18% and 24% in the control after a 
30-day period. In the field trial study, 79%, 74% and 92% of pristane, phytane and 
total n-alkanes in OsmocoteTM-amended sediment were degraded compared to 29%, 
34% and 35% in the control after a 28-day period. Thus, it was evident that 
OsmocoteΤΜ was able to significantly enhance the indigenous microbial 
biodegradation of aliphatic in open, leached beach sediments in the tropical 
environment of Singapore.  
 
A laboratory study also was conducted to assess the potential of a surfactant, i.e. 
TergitolNP-9 to enhance the bioavailability of petroleum hydrocarbons (i.e. aliphatic 
and PAHs) in ALCO-contaminated beach sediment. Relative to a control, 
TergitolNP-9 at concentrations of 0.2, 0.4 and 0.8g/L slightly enhanced the 
biodegradation and leaching losses of aliphatic (i.e. straight and branched alkanes) and 
PAHs (i.e. 4-ring and 5-ring) in the sediments over a 49-day period. TergitolNP-9, 
above its critical micelle concentration (0.04g/L), slightly increased the bioavailability 
of hydrocarbons (i.e. aliphatic and PAHs) to the microorganisms for biodegradation 
and enhanced the water solubility of the hydrocarbons, which resulted in the leaching 
loss (non-biodegradation loss).  
 
Results also show that OsmocoteTM is more effective than 0.2-0.8g/L of    
TergitolNP-9, for accelerating the natural biodegradation rate of petroleum 




recommended as a bioremediation additive for the future cleaning of oil-contaminated 
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Oil and petroleum is a necessity in industrial society and sustains the modern lifestyle 
of human society. Most modern industries use oil and petroleum derivatives to 
manufacture such vital products as plastics, fertilizers, and chemical feed stocks 
(Fingas, 2001). As a result, the world petroleum production increased from 58.47 
million barrels per day in 1973 to 74.34 million barrels per day in 2001 (Stacy and 
Susan, 2002). 
 
Due to the increasing production and consumption of oil and petroleum products in the 
world, oil spills occur frequently and major oil spills have created a global awareness 
of the ecological harm and risk of oil spills.  Most major oil spills happen due to 
human error, leakages and equipment failure inherent in producing, transporting and 
storing petroleum. Besides, oil spills also arise as a result of shipping collisions, fire 
explosion, waste discharges from industry and shipping.  
 
The effects of petroleum and oil on marine environments are caused by either the 
physical nature of the oil (i.e. physical contamination and smothering) or by its 
chemical components (i.e. toxic effects). The Exxon Valdez oil spill in Prince William 
Sound, Alaska on 24 March 1989, which spilled 10.8 million galloons of oil into the 
marine environment, killed around 458 otters and 2,889 birds (Office of Response and 
Restoration, 2001). The Jessica oil spill in the Galapagos Island on 19 June 2002 killed 




marine and terrestrials species, the fishing industry and human health, several oil spills 
clean-up technologies have been developed. 
 
Oil spill clean-up technologies can be divided into mechanical and chemical 
techniques. In mechanical techniques, the oil slick is surrounded with booms and 
skimmers in order to recover the oil for cleaning and reuse. Skimmers separate the oil 
from the water by using the following methods: (1) Centripetal Force: As water is 
heavier than oil, it spins out further so that the oil can be pumped out and hence 
separates the oil and seawater. (2) By lifting the oil on a conveyor belt off the water 
surface. (3) By wringing out the oil that clings to oleophilic (oil-attracting) rope mops. 
The latter technique is the most widely used as it is the least destructive. However, it is 
only 10-15% efficient under even the best circumstances (Doerffer, 1992). In chemical 
techniques, sorbents are used to remove oil from polluted areas inaccessible to 
skimmers. Chemical dispersants, which are partly oil soluble and partly water-soluble, 
break up the surface of the oil slick into small droplets in order to dilute the oil’s effect 
and to increase bioavailability for indigenous bacteria. However, as sorbents are 
persistent in the environment and the chemical dispersants may have a detrimental 
effect upon marine organisms, the usage of sorbents and chemical dispersants in the oil 
spills clean-up is not environmentally benign. Even though burning has been used for 
combating oil slicks on open waters and stranded oil on shorelines; burning agents 
such as gasoline or kerosene causes airborne pollutants, destroys plants and animals 
behind toxic residues and may result in increased penetration of oil into sediments 
(Doerffer, 1992). As a result, bioremediation is becoming the technology of choice for 





Bioremediation is a complex process and it has been defined as “the act of adding 
materials to contaminated environments to cause an acceleration of the natural 
biodegradation processes” (Swannell et al., 1996; U.S. Congress Office, 1991). Its 
rates are highly dependent on physical, chemical, biological and environmental factors 
such as sediment type, type of contamination, quantity of spillage, activities and 
composition of the indigenous microbial population, oxygen content, nutrients 
availability, moisture, temperature and pH (Leahy and Colwell, 1990). Bioremediation 
offers several advantages over other remediation techniques. First, it is a low cost 
method, which eliminates transportation costs and liabilities as it can be done on site. 
Besides, bioremediation is a natural attenuation and treatment method, which 
eliminates waste permanently without toxic by-products. It is generally regarded as an 
environmentally safe clean-up method, which provides a long-term solution for a 
balanced ecosystem (Katherine and Diane, 1994).  
 
A field trial of bioremediation conducted after the Exxon Valdez oil spill, in Prince 
William Sound, Alaska, demonstrated that adding fertilizer directly to the surfaces of 
oil contaminated beaches accelerated the natural oil degradation by indigenous 
microflora on the affected beaches (Pritchard et al., 1992). The contamination with 
Alaskan North Slope crude oil of ~ 2,000 km of rocky intertidal shorelines within the 
Sound and the Gulf of Alaskan was mitigated with a bioremediation strategy to reduce 
the ecological impact on intertidal communities (Bragg et al., 1994). 
 
Even though bioremediation is a useful and effective clean-up strategy, knowledge on 




determine the most favourable conditions to accelerate the natural biodegradation rates 
in a particular contaminated environment. 
 
1.2 Scope and objectives 
 
Singapore is one of the busiest shipping ports in the world and has the world’s third 
largest petroleum refining industry after Rotterdam and Houston, capable of processing 
in excess of 1.3 million barrels of crude oil each day. Intermittent marine oil spillages, 
of various magnitudes, occur on a semi-regular basis. For example, on 12 June 2002, a 
Thai-registered freighter, MV Hermion, and a Singapore-registered bunker tanker, 
Neptank VII, collided spilling 450 tonnes of marine fuel oil into the southeastern 
coastal waters of Singapore (The Straits Times Interactive, 2002). Clean-up operations 
were undertaken by the Maritime and Port Authority of Singapore using booms, 
skimmers and absorbants to recover the oil from the sea surface. Typically, in 
Singapore, oil reaching the foreshore environment is physically removed, leaving 
behind residual hydrocarbons to be broken down naturally by the indigenous microbial 
biomass. Although physical collection techniques are usually the primary choice for 
emergency response teams following a marine oil spillage, they have limited 
application for the removal of residual oil from foreshore environments (Prince et al., 
1999).   
 
It is well known that bioremediation can be an effective and environmentally benign 
treatment for shorelines contaminated with oil (Head and Swannell, 1999). 
Bioremediation techniques are not yet routinely used in Singapore, although the 




(Matthew et al., 1999).  Singapore’s tropical climate, typified by high temperatures and 
precipitation, as well as the pre-exposure of the microbial biomass to previous oil-
spillage events, renders the marine environment of Singapore conducive to 
bioremediation.  
 
Thus, the objectives of these research studies include: 
 
a. To study the feasibility of bioremediation of petroleum hydrocarbons in 
contaminated beach sediments in Singapore using the slow release fertilizer, 
OsmocoteTM in both laboratory and field trial investigations. 
b. To determine the effects of OsmocoteTM pellets on the dehydrogenase activity 
and respiration rate (i.e. metabolic activity) of the microbial biomass as well as 
the biodegradation loss of aliphatic and polycyclic aromatic hydrocarbons 
(PAHs) in the laboratory and Pulau Semakau field trial in Singapore.  
c. To select a nonionic surfactant with the least toxicity and a high efficiency in 
enhancing the desoprtion of hydrocarbon compounds from oil-contaminated 
sediments among Triton X-114TM, Tween80, Tween20, Span80, 
TergitolNP-9 and Brij76. 
d. To identify the optimal surfactant concentration dosage to be added to the 
sediments in order to obtain the lowest toxicity level and highest aqueous 
solubility or desorption rate of aliphatic and polycyclic aromatic hydrocarbons 
(PAHs) in oil-contaminated sediments. 
e. To investigate the effectiveness of the preferred surfactant at a concentration 




community and the biodegradation loss of aliphatic and polycyclic aromatic 































Even though microbiologists have studied the concept of bioremediation since the 
1940s (Zobell, 1946), it has only received global attention since the late 1980s when 
this technology was used for the clean-up of shorelines in Prince William Sound, 
Alaska following the Exxon Valdez spill in 1989.  Since 1989, many research studies 
have focused on bioremediation (Hoff, 1993). Table 2.1 summarizes the previous 
bioremediation field trial studies and Table 2.2 bioremediation studies conducted in the 
laboratory. 
 




Field Amendments Authors 
Gippsland crude 
oil and Bunker C 
oil 
Gladstone, Australia Rhizophora sp. 
mangrove and 
Halosarcia sp. salt 
marsh 
 




Gladstone, Australia Aeration with 
OsmocoteTM fertilizer 
 


















Oudot et al., 
1998 
Iranian Light 
Crude oil  
Saronikos Gulf, 
Greece 
Inipol EAP-22, F1 
(Modified Fish Meal) 
and DB 19 
(Introduced Bacteria) 
 





Table 2.2  Bioremediation studied in laboratory 




Phenanthrene Triton X-45, Triton X-
100, Triton X-165, Inipol 
EAP- 22  
 
Churchill et al., 1995 
Phenantherene Rhamnolipid 
biosurfactants 
Noordman et al., 1997 
 
2.2 Factors influencing rates of hydrocarbons biodegradation 
 
The biodegradations of petroleum hydrocarbons in the environment are dependent on 
the characteristics and amount of hydrocarbons present, ambient and seasonal 
environmental conditions and the composition of the indigenous microbial community 
(Atlas, 1981; Cooney, 1990; Leahy and Colwell, 1990). Thus, studies on the effects of 
environmental parameters on biodegradation rates have been key areas of interest of 
several reviews. Determination of the metabolic pathways and genetic bases for 
hydrocarbon assimilation by microorganisms has received global attention  (Atlas and 
Bartha, 1973; Colwell and Walker, 1977; Atlas, 1977, 1981, 1984; National Academy 
of Sciences, 1985; Bartha, 1986; Leahy and Colwell, 1990). 
 
Generally, biodegradation rates in a contaminated environment can be influenced by: 
2.2.1. Chemical composition of oil pollutants. 
2.2.2. Physical state of oil pollutants. 
2.2.3. Hydrocarbon-degrading microbial populations. 
2.2.4. Temperature. 
2.2.5. Oxygen status. 
2.2.6. Nutrients status. 




2.2.8. Soil texture and structure. 
2.2.9. Moisture content. 
2.2.10. Redox potential. 
 
2.2.1 Chemical composition of oil pollutants 
 
Usually, straight chain n-alkanes are considered to be the most readily degraded 
compounds in petroleum (Zobell, 1946; Treccani, 1964; Davies and Hughes, 1968; 
Kator et al., 1971; Kator and Herwig, 1977). The saturated and low molecular weight 
aromatic fractions of the oil are also attacked by the oil degrading microbial biomass. 
The microbial biomass usually attacks the low molecular aromatics more rapidly than 
the n-alkanes (Fedorak and Westlake, 1981a,b) and populations of microorganisms 
increase rapidly. The types of microorganisms that degrade aromatic hydrocarbons are 
distinct from those that degrade the aliphatic hydrocarbons. 
 
The high molecular weight aromatics, resins and asphaltenes are considered to be 
recalcitrant or exhibit only very low rates of biodegradation. Polynuclear aromatic 
hydrocarbons are more difficult to biodegrade than one- and two ring aromatics (Atlas, 
1981; Leahy and Colwell, 1990). As biodegradation proceed, the substituted 
polynuclear aromatics, (such as C3 phenanthrenes) and highly branched alkanes, (such 
as pristane and phytane) always constitute an increasing proportion of the residual 
hydrocarbons mixture (Herbes and Schwall, 1978; Atlas et al., 1981; Fedorak and 
Westlake, 1981a; Wade et al., 1989). According to Lee and Ryan (1976), the 
biodegradation rates of naphthalene were over 1000 times higher than benzopyrenes.  




they rarely serve as substrates. The complex alicyclic compounds such as hopanes 
(tripentacyclic compounds) are the most persistent components of petroleum spillages 
in the nature environment (Atlas et al., 1981).  
 
Generally, many substituted and unsubstituted hydrocarbons are removed by oxidative 
and co-oxidative degradation processes. However, in soils, some of the hydrocarbons 
especially polycyclic aromatic hydrocarbons (PAHs) disappearance does not 
necessarily involve complete conversion to carbon dioxide and water. Partially 
oxidized PAH compounds may be incorporated into soil humus (Bossert et al., 1984).  
 
2.2.2 Physical state of oil pollutants 
 
At very low concentrations, hydrocarbons are soluble in water, but most oil spill 
incidents release petroleum hydrocarbons in concentrations far in excess of the 
solubility limits (McAuliffe, 1966; Boylan and Tripp, 1971; Frankenfeld, 1973; 
Harrison et al., 1975). The degree of physical spreading following a spillage 
determines the surface area of oil available for hydrocarbon-degrading microorganisms 
and this is reduced at low temperatures due to increased viscosity of the oil. When the 
degree of spreading decreases, the surface area for microbial attack becomes limited. 
The oil from the 1974 Metula spill in the Straits of Magellan persisted in part because 
of limited surface area for microbial attack in the tar balls and oil aggregates that 
formed (Colwell et al., 1978).  
 
Biodegradation of hydrocarbons occurs at the oil-water interface. When oil mixes with 




“mousse”, rates of oil biodegradation are slowed as the mousse is extremely resistant 
to microbial attack (Atlas et al., 1980). However, when the oil-in-water emulsion 
disperses as small droplets, there is ample surface area at the oil-water interface for 
rapid microbial metabolism of hydrocarbons (Pfaender et al., 1980; Buckley et al., 
1980).   
 
Hydrocarbon-degrading microorganisms produce bioemulsifiers that facilitate their 
abilities to degrade hydrocarbons (Abbott and Gledhill, 1971; Reisfeld et al., 1972; 
Guire et al., 1973; Zajic et al., 1974; Bertrand et al., 1983; Zajic and Steffens, 1984; 
Mattei et al., 1986). Emulsification helps the true dissolution of hydrocarbons in water 
and provides an enlarged surface area for direct contact of microorganisms with liquid 
hydrocarbon droplets. It appears that the microorganisms can efficiently transport into 
their cells dissolved liquid hydrocarbons. However, the low water solubility of solid 
hydrocarbons inhibits the hydrocarbon degradation. 
 
2.2.3 Hydrocarbon-degrading microbial populations 
 
Hydrocarbon-degrading bacteria and fungi are widely distributed in soil habitats, 
marine and fresh waters.  
 
The ability of microbial biomass to degrade oil depends upon the genetic composition 
of the microbial community and the enzymes produced by the hydrocarbon-degrading 
species (Applied Biotreatment Association, 1990). Prior exposure of the microbial 
community to hydrocarbons is important in determining the biodegradation rate of 




microorganisms increase when environmental samples are exposed to petroleum 
hydrocarbons.  In unpolluted environments, hydrocarbon degraders generally 
constitute less than 1% of the microbial community, whereas in oil-polluted 
ecosystems, hydrocarbon degraders often represent 1-10% of microorganisms (Atlas, 
1981). Communities exposed to hydrocarbons become adapted, exhibiting selective 
enrichment and genetic changes resulting in increased proportions of hydrocarbon-
degrading bacteria and bacterial plasmids encoding hydrocarbon catabolic genes 
(Leahy and Colwell, 1990). In Amoco Cadiz (1978) and Tanio (1980) spills along the 
coast Brittany, France, the adapted hydrocarbon-degrading populations increased by 
several orders of magnitude within a day of the spills and biodegradation occurred 




Temperature affects the rates of microbial hydrocarbon-degrading activities by its 
effect on the physical nature and chemical composition of the oil, (particularly the 
surface area available for microbial colonization and the hydrocarbons remaining after 
evaporation for microbial metabolic attack) and the rates of hydrocarbon metabolism 
by microorganisms (Atlas, 1981; Leahy and Colwell, 1990). The low winter 
temperatures limit rates of hydrocarbon biodegradation and increase the residence time 
of oil pollutants (Bodennec et al., 1987; Pritchard, 1990). At low temperatures the 
viscosity of oil increases and the volatilization of toxic short-chain alkanes is reduced, 
thus delaying the onset of biodegradation (Atlas and Bartha, 1972b; Walker and 




enzymatic activity, and solidification of hydrocarbons that occur in the low 
temperature decreases the hydrocarbons availability.  
 
Higher temperatures increase the rates of hydrocarbon metabolism to a maximum, 
typically in the range of 20 to 30°C (Dibble and Bartha, 1979; Bossert and Bartha, 
1984; Hogan et al., 1989). 
 
2.2.5 Oxygen status 
 
The initial steps in the biodegradation of hydrocarbons by bacteria and fungi involve 
the oxidation of the substrate by oxygenases for which molecular oxygen is required 
(Atlas, 1984).  Microbial oxidation of hydrocarbons in the environment requires 
aerobic conditions. However, the availability of oxygen in soils, sediments and 
aquifers is often limiting and dependent on the type of soil and whether the soil is 
waterlogged (Jobson et al., 1979). Even though anaerobic degradation of hydrocarbons 
by microorganisms can occur, the ecological and environmental significance of 
anaerobic hydrocarbon biodegradation is very low compared to aerobic 
biodegradation.  
 
2.2.6 Nutrients status 
 
Microorganisms require nitrogen, phosphorus and other mineral nutrients for 
incorporation into biomass. The concentration of available nitrogen and phosphorus in 
seawater is severely limiting to hydrocarbon biodegradation (Atlas and Bartha, 1972a; 




Metulla spill in 1974 was degraded slowly in the marine environment because of low 
concentrations of nitrogen and phosphorus available in seawater (Colwell et al., 1978). 
In an oil slick, the mass of carbon available for microbial growth is within a limited 
area and the hydrocarbon-degrading microorganisms must rely on the nutrients 
available in the limited volume of water in direct contact with the oil.  
 
2.2.7 pH value in the reaction 
 
When other limitations of hydrocarbon biodegradation are remedied, experience shows 
that the natural pH of seawater is permissive of high rates of oil biodegradation. 
According to Dibble and Bartha (1979), rates of hydrocarbon biodegradation increase 
when the pH of soil raising from 6.0 to 7.8. As bacteria have a pH optimum at or 
above neutrality and fungi are tolerant to lower pH, the favorable effect of liming on 
hydrocarbon biodegradation is consistent with a bacterial dominance in terrestrial 
hydrocarbon biodegradation (Song et al., 1986).  
 
2.2.8 Soil texture and structure 
 
Soil texture and structure affect the mobility of hydrocarbon-degrading microbial 
biomass. In coarse materials, microorganisms move more freely than in fine textured 
soil (Romero, 1970). Besides, some of the petroleum hydrocarbon tends to sorb onto 
soil with high organic content like humic substances and clay minerals. As a result, the 
hydrocarbons become less available for biodegradation (Manilal and Alexander, 1991).  




adsorb the pollutants to the matrix.  In sandy soil, the microporosity causes the 
hydrocarbons being more strongly adsorbed to the soil (Loser et al., 1999).  
 
2.2.9 Moisture content 
 
During the catabolism of hydrocarbon substrates, sufficient amounts of water are 
important for diffusion of nutrients and by-products. Water also is the basic 
supplement for rapid growth of the hydrocarbon-degrading microbial biomass. 
According to Sims et al. (1990) and Dibble and Bartha (1979), the optimal moisture 
level within the soil matrix for biodegradation ranges from 30% to 90% of the field 
capacity of soil. 
 
2.2.10 Redox potential 
 
Most of the microorganisms require a redox potential of 50 mV or more. However, the 
optimal redox potential for most obligately anaerobic microorganisms is much less 
than 50 mV. In aerobic treatment, mechanical aeration or the addition of oxidants is 
used to maintain the redox potential at an appropriate level for microbial activity. In 
anaerobic treatment, organic compounds are added to effect oxygen removal, which 
can result in a reduction in redox potential (Katherine and Diane, 1994). 
 
2.3 Principles of bioremediation 
 
Microorganisms are suited to the task of contaminant destruction, as they possess 




microorganisms to destroy the contaminants in the subsurface depends on the general 
pathways of microbial metabolism of the contaminants, the type of contaminants 
present and the physical and chemical conditions at the contaminated site (National 
Research Council, 1993). 
 
2.3.1 Metabolic pathways of hydrocarbons degradation 
 
Organic contaminants provide a source of carbon, which is the one of the basic 
building blocks of the new cell constituents to the organisms. They also provide 
electrons from which the organisms can extract, to obtain energy.  
 
Aerobic respiration is a process destroying organic compounds with oxygen, which is 
the electron acceptor. Microorganisms use molecular oxygen to oxidize part of the 
carbon in the contaminant to carbon dioxide and water. The remaining of the carbon in 
the contaminant used to produce new cells mass and increase the population of the 
microorganisms.  
 
In anaerobic respiration, microorganisms use nitrate, sulfate, metals such as iron and 
manganese to replace oxygen as electron acceptors. The anaerobic respiration produces 
new cells and the by-products like nitrogen gas, hydrogen sulfide from the carbon in 
the contaminant.  
 
Fermentation is a type of metabolism which plays an important role in oxygen-free 
environments. In fermentation, the organic contaminant serves as both electron donor 




microorganisms, the organic contaminant is converted to acetate, propionate, ethanol, 
hydrogen and carbon dioxide.  
 
Reductive dehalogenation is important in the detoxification of halogenated organic 
contaminants. In reductive dehalogenation, microbes catalyze a reaction in which a 
halogen atom on the contaminant molecule replaced by a hydrogen atom. Even though 
the reductive dehalogenation process does not generate energy, this incidental reaction 
may benefit the cell by eliminating toxic materials.  
 
The microorganisms can transform contaminants, even though the transformation 
reaction yields little or no benefit to the cell. These nonbeneficial biotransformations 
are called secondary utilization and cometabolism. In cometabolism, the 
transformation of the contaminant is an incidental reaction catalyzed by enzymes 
involved in normal cell metabolism or special detoxification reactions. For example, 
when the microbes oxidize methane, they produce certain enzymes that incidentally 
destroy the chlorinated solvent, even though the solvent itself cannot support microbial 
growth.  
 
2.3.2 Contaminants susceptible to bioremediation 
 
Petroleum hydrocarbons and their derivatives like gasoline, fuel oil, polycyclic 
aromatic hydrocarbons, creosote, ethers, alcohols, ketones and esters are naturally 
occurring chemicals. Gasoline, fuel oil, alcohols, ketones and esters have been 
successfully bioremediated at contaminated sites via established bioremediation 




(known as BTEX) are relatively easy to bioremediate as BTEX are relatively soluble 
compared to other common contaminants and other gasoline components, BTEX can 
serve as the primary electron donor for many bacteria widely distributed in nature and 
the bacteria that degrade BTEX grow readily if oxygen is available (National Research 
Council, 1993). However, the ether bonds show considerable chemical stability and 
resist microbial attack. High molecular-weight compounds such as creosotes are 
slowly metabolized due to their structural complexity, low solubility and strong 
sorptive characteristics.  
 
The susceptibility of the chemicals to enzymatic attack is decreased by halogenation 
and halogenated compounds have serious implications for microbial metabolism. The 
halogenated chemicals can be divided into halogenated aliphatics and halogenated 
aromatics.  
 
The halogenated aliphatics such as tetrachloroethene are resistant to attack by aerobic 
microbes, but are susceptible to degradation by special classes of anaerobic organisms. 
Certain anaerobes can completely dechlorinate tetrachloroethene to the nontoxic 
compound ethane, which is readily decomposed by aerobic microbes.  When the 
degree of aliphatics diminishes, susceptibility to aerobic metabolism increases. The 
less halogenated ethenes may be destroyed by cometabolism when certain aerobic 
microbes are supplied with methane, toluene or phenol. The chlorine atoms in the 
highly chlorinated aliphatics can be removed anaerobically with methanogens and then 





The presence of the halogen atoms on the aromatic ring governs the rate and extent 
biodegradability. A high degree of halogenations prevents aromatic compounds from 
being aerobically metabolized. Generally, the bioremediation for treating soils and 
sediments contaminated with halogenated aromatic chemicals is anaerobic 
dehalogenation followed by aerobic destruction of the residual compounds as the 
anaerobic microbes can remove the chlorine atoms from the halogenated aromatics and 
replace by hydrogen atoms which become susceptible to aerobic attack.   
 
Nitroaromatics can be converted to carbon dioxide, water and mineral components by 
both aerobic and anaerobic microbes. The anaerobic microbes can transform 
nitroaromatics to innocuous volatile organic acids like acetate, which then can be 
mineralized.  
 
2.3.3 Effect of physical and chemical conditions at the contaminated sites  
 
Bioremediation can be divided into that which is intrinsic and engineered. Intrinsic 
bioremediation manages the innate capabilities of naturally occurring microbial 
communities to degrade environmental pollutants without taking any engineering steps 
to enhance the process (National Research Council, 1993). Intrinsic bioremediation is 
also defined as “natural”, “passive” and “spontaneous” bioremediation and 
“bioattenuation”. However, engineered bioremediation is the acceleration of microbial 
activities using engineered site-modification procedures, such as installation of wells to 
circulate fluids and nutrients to stimulate microbial growth. The terms “biorestoration’ 
and “enhanced bioremediation” can describe engineered bioremediation (National 




Intrinsic bioremediation is preferred in ‘low energy’ habitats such as marshes, if oiling 
is light. In ‘high-energy’ environments such as exposed rocky intertidal habitats, the 
intrinsic processes result in more rapid cleansing. Even though the natural processes 
are safe, the time for degradation in natural condition varies from two to six month, or 
even longer (Doerffer, 1992). Besides, intrinsic bioremediation requires elemental 
nutrients, especially nitrogen and phosphorus, for the cell building of microbes. The 
lesser amounts of elemental nutrients will limit the intrinsic bioremediation. 
 
Engineered bioremediation is applied to spills occurring from an offshore blow-out, for 
spills in remote and inaccessible coastal areas, where clean-up operations are 
technically and economically impossible, and for spills in sensitive areas, where many 
treatments would be more harmful than the oil itself, as well as the spills in ice-
infested waters or under ice (Doerffer, 1992). However, in engineered bioremediation, 
the contaminated area will be much more difficult to treat if it has crevices, fractures or 
other irregularities that allow channeling of fluids around contaminated material.  
 
2.4 Bioremediation treatment technologies 
 
Bioremediation technologies can be classified as ex situ or in situ. Ex situ technologies 
are those treatment modalities which involve the physical removal of the contaminated 
material to another area possibly within the site for treatment. Ex situ treatment 
techniques including bioreactors, landfarming, bioaugmentation and composting. In 
situ techniques involve treatment of contaminated material in place. In situ treatment 





2.4.1 Ex situ bioremediation 
2.4.1.1  Bioaugmentation (Seeding) 
 
Since bioremediation relies on the hydrocarbon-degradation capacity of the 
microorganisms in contact with the oil pollutants, seeding with hydrocarbon-degrading 
bacteria has been proposed. Bioaugmentation involves the introduction of 
microorganisms into the natural environment for the purpose of increasing the rate of 
biodegradation of pollutants (Atlas and Bartha, 1992). The microorganisms have been 
cultured and adapted, while their degrading ability can be enhanced for specific 
contaminants and site conditions. 
 
Bioaugmentation overcomes the problem where the indigenous microbial populations 
may not be capable of degrading the wide range of potential substrates present in the 
complex mixtures as petroleum.  The criteria for effective seed organisms include the 
ability to degrade most petroleum components, genetic stability, viability during 
storage, rapid growth following storage, a high degree of enzymatic activity and 
growth in the environment, ability to compete with indigenous microorganisms, 
nonpathogenicity and inability to produce toxic metabolites (Atlas, 1977). However, 
sometimes the specific cultures of oil-degrading bacteria fail to enhance the 
hydrocarbon degradation as they are displaced by indigenous dominant microbiota 










A bioreactor is a unit process where biodegradation is conducted in a container or 
reactor in order to treat liquids or slurries (Katherine and Diane, 1994). The 
microorganisms are added to bioreactors to treat wastes with high concentrations of 
toxic materials. The microorganisms in the bioreactor must be in close association to 
the contaminants in order to degrade the contaminants. However, if the populations of 
microorganisms capable of degrading the contaminants are not present, some 
mechanism must be engineered to bring the microorganisms into contact with the 
contaminants. This may involve such techniques as flushing the system to transport the 
contaminants to an above-ground bioreactor, the addition of surfactants to the 
subsurface to release adsorbed contaminants and render them available to the 
microorganisms, or the introduction and transport of the microorganisms to the 




Landfarming, which is also defined as landtreatment is a deliberate disposal process in 
which the place, the time and the rates of disposal can be controlled. In landfarming, 
the chosen site has to meet certain criteria and undergo preparation to assure that 
floods, run off and leaching will not spread the hydrocarbon contamination in an 
uncontrolled manner (Bartha and Bossert, 1984). Operation of the landfarming 
generally includes regular tilling of the soil using conventional farming equipment like 




regularly monitored for pH, temperature, available nitrogen and phosphorus, moisture 
content and bacteria count as well as contaminants concentration.  
 
Losses of hydrocarbons to the atmosphere during landfarming are currently raising 
concerns, although the proportion depends on the product and the application 
conditions, and are difficult to quantify reliably. Moving the landtreatment operation 
into polyethylene film-covered temporary buildings and treating the exhaust air by 




Composting is an aerobic and thermophilic treatment process in which contaminated 
material is mixed with a bulking agent; it is done using static piles, aerated piles or 
continuously fed reactors (Katherine and Diane, 1994). Composting uses a forced 
ventilation system to aerate the soils. In compost piles, the requirements for the 
enhancement of biodegradation are the exchange of air to remove and treat volatile 
components as well as for providing the necessary oxygen for microbial growth 
adequate moisture, adequate pH and adequate nutrients.  
 
2.4.2 In situ bioremediation 
2.4.2.1 Biostimulation 
 
Biostimulation involves the addition of nutrients or other growth-enhancing 
cosubstrates to stimulate the growth of indigenous oil degraders. The hydrocarbon-




biomass. However, under some conditions, the rate of petroleum biodegradation is 
limited by nutrient availability. Therefore, nutrients such as nitrogen and phosphorus 
are important in the biodegradation of hydrocarbons (Atlas and Bartha, 1992). 
Oleophilic nitrogen and phosphorus fertilizers can stimulate petroleum degradation by 
indigenous microorganisms in several environments. Oleophilic fertilizer places the 
nitrogen and phosphorus at the oil-water interface, which is the site of active oil 
biodegradation. Oleophilic iron appears to be useful in open ocean areas where iron 
concentrations are particularly low. A slow release fertilizer containing paraffin-
supported magnesium ammonium phosphate as the active ingredient was found to 
enhance the biodegradation of Sarir crude oil in seawater (Olivieri et al., 1976). 
Generally, the advantages of inorganic agricultural fertilizers as bioremediation agents 
include low cost, availability and ease of application (Lee and Merlin, 1999). 
 
In biodegradation of hydrocarbons by bacteria and fungi, oxygen plays an important 
role in the oxidation of the substrate by enzyme oxygenases. Although the anaerobic 
degradation of hydrocarbons occurs, the rates of the biodegradation are very low. 
Thus, the microbial degradation in the groundwater and soil environment is severely 
limited by oxygen availability (Atlas and Bartha, 1992). The hydrogen peroxide in 
appropriate and stabilized formulations is added to overcome oxygen limitation 
(Yaniga and Smith, 1984; Brown et al., 1984, 1985; American Petroleum Institute, 
1987; Thomas et al., 1987; Berwanger and Barker, 1988). The decomposition of 
hydrogen peroxide releases oxygen, which can support aerobic microbial utilization of 
hydrocarbons. However, the high concentrations of hydrogen peroxide are toxic to 
microorganisms and consequently decrease the rates of microbial hydrocarbon 




addition to contaminated soil environments. The rapid hydrogen peroxide 
decomposition creates gas pockets that interfere with subsequent pumping operations 




Bioventing is a method of treating contaminated soils by drawing oxygen through the 
soil to stimulate microbial growth and activity (Katherine and Diane, 1994). In 
bioventing, the rate of movement of air through the aquifer is adjusted to the rate of 
microbial respiration in order to optimize the microbial degradation (Katherine and 
Diane, 1994). Three bioventing projects in southern California found that treatment of 
the vadose zone with ammonia and air resulted in a one to two orders of magnitude 
increase in the microbial counts and presumably in the amount of degraded 
hydrocarbons (Dineen et al., 1990).                            
 
2.5 Surfactants in bioremediation 
 
Surfactant is a synthetic or biogenic substance, which is used to increase the aqueous 
solubility of solid hydrocarbons and emulsify liquid hydrocarbons. Surfactants can be 
divided into anionic, cationic and nonionic. Anionic surfactants are those which give 
negatively charged surfactant ions in aqueous solution, usually originating in sulfonate, 
sulfate or carboxylate groups. Cationic surfactants are those which give a positively 
charged surfactant ions in aqueous solution. Nonionic surfactants contain hydrophilic 





Nonionic surfactants have a hydrophobic/hydrophilic balance wherein there is neither 
a negative nor a positive charge in either part of the molecule. The chemical structure 
of nonionic surfactants possesses several advantages over other types of surfactants. 
They are very useful in chemical blends and mixtures because of their electrical 
neutrality. This characteristic imparts a lower sensitivity to the presence of electrolytes 
in the chemical system. Besides, the nonionic surfactants are not affected by water 
hardness or pH changes and they are considered medium to low foaming agents. 
Nonionic surfactants, with their lower critical micelle concentration (CMC) values, 
make them attractive choices for use in bioremediation (Deshpande et al., 1999). 
 
Toxic effects of nonionic surfactants play an important role on biodegradation rate.  
The toxic effects of surfactants on microorganisms include disruption of cellular 
membranes by interaction with lipid components and reaction with proteins, which are 
essential to the functioning of the cells (Helenius and Simons, 1975). 
 
Classification of nonionic surfactants based on the hydrophilic-lipophilic balance 
(HLB) value is shown in Table 2.3. The specific HLB value describes the preference 
of the surfactant molecule to oil (HLB 3-6) or water (HLB 10-18) (Bruheim et al., 
1997). Clayton et al. (1992) concluded that a dispersant formulation with an overall 
HLB in the range 9-11 would generally yield the best dispersion of oil droplets in the 








Table 2.3  Range of HLB values and their suitable applications (Rosen, 1989) 
HLB Range Application 
< 3 Surface films 
3 – 6 Water-in-Oil emulsifiers 
7 – 9 Wetting agent 
8 – 15 Oil-in-Water emulsifiers 
13 – 15 Detergents 
10 – 18 Solubilizers 
 
Nonionic surfactants usually exist as monomers in aqueous solutions.  When the 
surfactant exceeds a certain threshold concentration, also known as the critical micelle 
concentration (CMC), at temperature higher than its critical micelle temperature 
(CMT), surfactant monomers will self assemble into dynamic aggregates called 
micelles (Figure 2.1). Micelle formation including hydrophobic tails in the centre of 
micelle and hydrophilic heads on outside. The cause of such micelle formation is to 






Figure 2.1  Micelle formation of nonionic surfactants (Schick, 1967) 
 
Three modes of solubilization have been proposed for nonionic surfactants. i) Non-
polar molecules are dissolved in the micellar core, where the hydrocarbon tails of the 
aggregate molecules serve as the solvent. ii) Polar molecules consisting of a 
hydrocarbon chain and a weakly hydrophilic group are incorporated into the micelle 
with the hydrocarbon tails in the palisade layer and the hydrophilic heads protruding 








insoluble in hydrocarbon or in the water are adsorbed on the surface of the micelle 









Figure 2.2  Schematic diagram of three modes of solubilization (Schick, 1967) 
 
In general, there are three mechanisms in which nonionic surfactants enhance the 
effects as well as increase the bioavailability of hydrophobic molecules.  In the first 
mechanism, the micelles dissolve and desorb the hydrophobic contaminants attached to 
the oil particles within their hydrophobic core in the aqueous phase. In the second 
mechanism the surfactant molecules enhance surfaces to aid in transportation of 
hydrophobic compounds from the micelle to the aqueous phase, and release the 
contaminant into the aqueous phase together with the free surfactant molecules. Lastly, 
in the third mechanism, the free surfactant is assimilated and the available contaminant 
can then be utilized and thus removed by the microorganisms (Olguin et al., 1999; 
Miller and Bartha, 1989).  
 
Nonionic surfactants improve the bioremediation efficiency by enhancing the 







(Ducreux et al., 1994). Micelles constructed of phospholipids could overcome the 
limitation of transport of substrate over the bacterial membrane (Miller and Bartha, 
1989). Thus, nonionic surfactants are widely used in petroleum oil recovery and 
environmental applications.  
 
2.6 Analytical techniques of bioremediation 
 
Analytical techniques of bioremediation are divided into biological analysis, which 
measures metabolic parameters of microbial activity and chemical analysis, which 
determines and identifies the contaminant. Biological analyses include soil 
respirometry, dehydrogenase activity and luminescence techniques. Chemical analyses 
include gas chromatography, gas chromatography/mass spectroscopy, gas 
chromatography/flame ionization detection, fluorescence analysis, use of internal 
petroleum biomarkers and total petroleum hydrocarbon/infrared spectroscopy- total 
petroleum hydrocarbon/gas chromatography. 
  
2.6.1 Biological analysis 
2.6.1.1 Soil respirometry 
 
Soil respirometry determines the rate of hydrocarbons biodegradation in a soil matrix 
by measuring the rate of carbon dioxide production and oxygen consumption in a soil 
respirometer. Soil respirometry can be used for soils with low organic matter content 
and it can provide the accurate estimates of contaminant biodegradation kinetics 





2.6.1.2 Luminescence techniques  
 
Bioluminescence is natural phenomenon associated with several microorganisms. 
Reporter gene cassettes comprised of luciferase structural genes and contaminat-
specific promoter sequences are inserted into a bacterial host. Their expression is 
induced by the contaminant hydrocarbon of interest. Light emitted by such systems can 
be measured and used to monitor bacterial metabolic activity using the specific 
contaminant. Bioluminescence can determine the aromatic content of a complex 
mixture of hydrocarbons. It also provides preliminary assessment of contaminant 
bioavailability for biodegradation. Bioluminescence has high sensitivity and 
reasonable selectivity. Under favorable circumstances, the direct examination of oil 
mixtures in water is possible in luminescence techniques. Besides, it does not require 
the disruption of cellular activities or structures and it provides the real-time data on 
cellular catabolic activities in vivo (Grigson et al., 1985; Hastings et al., 1985; Heitzer 
et al., 1992 and Sanseverino et al., 1994).  
 
2.6.1.3 Dehydrogenase activity 
 
Dehydrogenase activity in soils and sediments is represented by a broad group of 
intracellular enzymes that transfer hydrogen and electrons from substrates to 
appropriate acceptors (Rossel et al., 1997). Measurement of dehydrogenase activity is 
preferred over cultural methods for enumeration of microorganisms which can 
underestimate number of viable cells due to lack of homogeneity in distribution or 
difficulty in being readily desorbed from the substrate matrix (Oberbremer and Muller-




also is used to determine the ecotoxicological impacts of environmental substrates as 
the enzymes are intracellular and are rapidly degraded following cell death (Rossel et 
al., 1997). 
 
2.6.2 Chemical analysis 
2.6.2.1 Gas chromatography (GC) 
 
Gas chromatography separates a complex mixture of organic materials into its 
components. From the chromatogram and the digital information contained in the 
quantification report from the gas chromatograph, analytes contained in the sample can 
be accurately identified and quantified. This technique is used for complex extracts of 
oil, which contain hundreds, even thousands of components (U.S.EPA, 1995 and 
Hutchins and Wilson, 1994). 
. 
2.6.2.2 Gas chromatography/mass spectroscopy (GC/MS) 
 
In the mass spectroscopy chamber, compounds separated by gas chromatography are 
bombarded by electrons and broken down into characteristic fragments called ions. 
The mass chromatograms for all ions detected in a sample can be superimposed onto a 
reconstructed ion chromatogram (RIC), which also called a total ion chromatogram. 
The RIC is a graphic display of the total ionization current resulting from all mass 
fragments of all compounds detected throughout the analysis. The gas 
chromatography/mass spectroscopy is applicable to the identification of compounds 
eluted from a GC column. Besides, GC/MS enables positive identification. The RIC 




indication of the relative composition of components in the sample mixture analyzed 
by GC/MS (U.S.EPA, 1995). 
 
2.6.2.3 Gas chromatography/flame ionization detection (GC/FID) 
 
The flame ionization detector (FID) responds to ions produced by the burning of 
compounds, which are separated by gas chromatography in a hydrogen/air flame. FID 
response depends on the number of ions produced by a compound. FID is applicable to 
the identification of almost all organic compounds after their elution from a GC 
column. Besides, FID response is linear in a wide range of concentrations and is not 
influenced by temperature changes (Hatziioannou, 1989; Prince et al., 1994b; Karazek 
and Clement, 1988; Sveum et al., 1994). 
 
2.6.2.4 Fluorescence analysis 
 
During fluorescence analysis of a compound, excitation and emission spectra are 
recorded. These two spectra can be corrected through appropriate modifications and 
used for the identification of the compound. The fluorescence analysis has become a 
part of a basic and routine analytical procedure due to the considerable success in 
identification of hydrocarbons following oil spills in coastal waters. This process 
involves the use of IR and GC measurements. The fluorescence analysis is applicable 







2.6.2.5 Use of internal petroleum biomarkers 
 
This analytical technique is used to quantify the extent of oil weathering from 
biological or physical processes. The increase in the internal biomarker concentration 
relative to the concentration in the source oil is proportional to the amount of oil lost 
through weathering and biodegradation. This method is gravimetric and relies on 
GC/FID and GC/MS to determine total oil or specific analyte concentrations. Field 
data show that the use of internal biomarker reduces spatial variability of oil data when 
compared to other mass-balance approaches. This allows effective degradation 
monitoring by reducing the number of samples required. The use of internal biomarker 
is applicable to both field and laboratory studies of petroleum and refined products. 
This technique will provide quantitative information about the degradation of 
petroleum in highly variable environments (Douglas et al., 1994 and Prince et al., 
1994b). 
 
2.6.2.6 Total petroleum hydrocarbon/infrared spectroscopy (TPH/IRS) - Total 
petroleum hydrocarbon/gas chromatography (TPH/GC) 
 
Total petroleum hydrocarbon/ infrared spectroscopy (EPA 418.1 modified for soils; 
U.S. EPA 1989) is the method used where an oiled sample is solvent-extracted. The 
total mass of dissolved hydrocarbon is subsequently quantified by comparing the 
infrared absorption of the extraction liquid against that of a defined hydrocarbon 
mixture. Gas chromatographic methods for petroleum hydrocarbon analysis include 
the American Society for Testing and Materials (ASTM) method 3328.78 (ASTM, 




measure petroleum hydrocarbons. TPH/IRS and TPH/GC are applicable to the 
measurements of total petroleum hydrocarbons for the assessment and screening of 
diesel-fuel-contaminated soils as well as for determining site closure. The advantages 
of these techniques are they have low technical complexity and they provide quick 






















CHAPTER 3. MATERIALS AND METHODS  
 




Sediment from Pulau Semakau, which is a small isolated island eight kilometers to the 
south of the Singapore main island, was used in the bioremediation research studies. 
Experiments were conducted to determine the properties of the clean sediment 
obtained from the island. Table 3.1 summarizes the properties of Pulau Semakau clean 
sediment. 
 
Table 3.1  Properties of clean sediment 
Moisture content, % 9.35  
Water holding capacity, % 30.00  
Total Recoverable Petroleum Hydrocarbons (TRPH), % 0.05  
pH of pore water 7.47 
Oxygen consumption rate, µL/min per 100g dry weight sediment 4.12 
Carbon dioxide release rate, µL/min per 100g dry weight sediment 3.68 
Dehydrogenase activity, µg INTF/g dry weight sediment x hour 0.69 
Concentration of NH3, mg/L in 250g/L sediment 1.14 
Concentration of PO43-, mg/L in 250g/L sediment 0.19 
Concentration of NO3-, mg/L in 250g/L sediment 0.43 
Particle size distribution, %                > 212µm  (Sand) 
                                                            > 63µm  < 212µm (Silt) 





3.1.2 Crude oil 
 
In the research studies, the oil that was used to contaminate the clean sediment was 
Arabian Light Crude Oil (ALCO). The general properties of Arabian Light Crude Oil 





Table 3.2  Properties of Arabian Light Crude Oil (Goh, 2001) 
Density, kg/m3 840.00 
Weight of carbon, % 87.42 ± 0.63 
Weight of hydrogen, % 13.09 ± 0.05 
Weight of nitrogen, % 1.22 ± 0.37 
 
3.1.3 Controlled release fertilizer, OsmocoteTM 
 
Slow release fertilizer, OsmocoteTM was used as a nutrient amendment in the 
bioremediation studies. OsmocoteTM (Osmocote 18–11–10) is a product from Scotts 
Company, United Kingdom. It consists 18% w/w water-soluble nitrogen (7.5% nitrate-
N; 10.5% ammonia-N), 4.8% w/w P (water soluble), 8.3% w/w K (water soluble) and 
a resin coating.  
 
3.1.4 Nonionic surfactants 
 
Nonionic surfactants act as surface-active agents in bioremediation studies. Nonionic 
surfactants (Triton X-114TM, Tween80, Tween20, Span80, TergitolNP-9 and 
Brij76) were purchased from Aldrich, Milwaukee, Wisconsin, USA. Figure 3.1 
shows the structural formula of Triton X-114TM, Tween80, Tween20, Span80, 
TergitolNP-9 and Brij76.  
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The properties of Triton X-114TM, Tween80, Tween20, Span80, TergitolNP-9 
and Brij76 are shown in Table 3.3 and Table 3.4.  
 
Table 3.3  Properties of nonionic surfactants (Sigma product information sheet, 2002) 
Properties Triton 
X-114TM 
Brij76 Tween80 Tween20 Span80 





























in water, g/L 
 
0.09 0.002 0.02 0.07 0.008 
Density at 
25°C, g/ml 
0.997 0.964 1.07 1.11 0.986 
 
Table 3.4  Properties of TergitolNP-9 (Sigma product information sheet, 2002) 
Appearance Transparent, colorless liquid 
Molecular weight, calculated from OH# 630 
Hydroxylnumber 89 
Hydrophile-lipophile balance (HLB) value 13 
Critical Micelle Concentration (CMC) value in 
water, g/L 
0.04 
pH, 10% solution at 25°C 5-8 
Viscosity at 25°C, cP 243 
Density at 25°C, g/ml 1.049 
Flash point, °F >230 
Pour point, °C 5 
Cloud point, 1% aqueous solution, °C 51-56 
Specific gravity at 20°C 1.059 
Degree of ethoxylation, mol/mol ave 9.3 
Water, wt%, maximum 0.3 






In the bioremediation studies, the methods used were divided into biological analysis 
and chemical analyses. Biological analyses included respirometry analysis and 
dehydrogenase activity (DHA) analysis. Chemical analysis including total petroleum 
hydrocarbon (TPH) analysis, liquid-liquid extraction, gas chromatography/mass 
spectroscopy (GC-MS) analysis, solid-phase extraction (SPE), high performance liquid 
chromatography (HPLC) analysis and nutrient analysis.  
 
3.2.1 Biological analysis 
3.2.1.1 Respirometry analysis 
 
Triplicate or duplicate respirometry assays for each plot were prepared by placing 
100g of moist sediment sample into one-liter chambers. The microbial respirometer 
(Columbus Instruments Micro-Oxymax v 6.08) used in this study is an indirect 
“closed-circuit” system. The samples were placed in a water bath set at 30oC. 
Measurements of carbon dioxide production and oxygen consumption at each time 
were taken hourly over a 24-hour period. Carbon dioxide production rate and oxygen 
consumption rate is assumed to be representative of the respiration rate of the 
indigenous microbial biomass.  
 
3.2.1.2 Dehydrogenase activity (DHA) analysis 
 
The metabolic activity of the indigenous microbial biomass in the sediment samples 




method optimized by Mathew and Obbard (2001). In recent years, DHA has been 
recognized as a useful indicator of the overall intensity of microbial metabolism as the 
enzymes are intracellular and are rapidly degraded following cell death (Rossel et al., 
1997; Lee et al., 2000).  
 
DHA analysis was initiated on the day of sampling by adding 2.5ml deionised water 
and 1ml of 0.75% freshly prepared 2-p-iodophenyl-3-p-nitrophenyl-5 
phenyltetrazoliumchloride (INT) solution (pH 7.9) into 5g of sediment (dry weight 
equivalent). This sample was incubated in the dark at 27°C for 22h, and the INT-
formazan (INTF) formed was extracted by the addition of 25ml of methanol.  The tube 
was inverted twelve times, and then further incubated in the dark at 27oC for 2h. The 
extracted INTF was filtered through Whatman® autovials (0.45µm) and measured for 
absorbance at λmax= 428nm on a Perkin Elmer UV/VIS Spectrophotometer Lambda 
20. 
 
The spectrophotometer was calibrated with INTF standards prepared in methanol. 
Dehydrogenase activity was expressed as micrograms INTF formed per gram of dry 
weight of sediment per hour (µg INTF g dry sed-1 h-1).  
 
3.2.2 Chemical analysis 
3.2.2.1 Total petroleum hydrocarbons (TPH) analysis 
 
The percentage loss of total recoverable petroleum hydrocarbons (TRPH) in sediments 
was determined using USEPA method number 3540 (Eaton et al., 1995). Sediment 




extracted with a 165ml hexane-acetone (1:1) mixture using Soxhlet-extraction. The 
extract obtained was cooled and filtered through grease-free glass microfibre filter 
discs (Whatman®) into a tared flask (USEPA methods 413.3 and 418.8, Eaton et al., 
1995). The filtrate was then rotary evaporated (Eyelab®) for solvent removal at 68.8°C 
i.e. the boiling point of hexane. The flask, with residue, was then dried and cooled in 
dessicator for twelve hours prior to weighing. TPH was calculated per gram dry weight 
of sediment. 
 
3.2.2.2 Liquid-liquid extraction 
 
The amount of petroleum hydrocarbons (i.e. aliphatic and PAHs) in the aqueous 
solution or in the leachate sample was determined using liquid-liquid extraction. 
Dichloromethane (CH2Cl2) was used as the extraction solvent and was purchased from 
Merck Chemical Company, Germany. An aqueous solution (20ml) containing 
petroleum hydrocarbons and other constituents was transferred to a glass-separating 
funnel. A total of 10ml of dichloromethane was added to the funnel and the contents 
were shaken for 5 min. The two phases were allowed to settle and separate completely. 
Then, the phase in the bottom layer was collected in a glass conical flask. The 
procedure above was repeated twice and 5ml of dichloromethane was added to the 
remaining aqueous solution in the glass-separating funnel. The flask with residue and 
solvent in the conical flask was then dried in the fume cupboard overnight prior to 
weighing. The percentage of hydrocarbons in the aqueous solution was calculated per 






3.2.2.3 Gas chromatography/mass spectroscopy (GC/MS) analysis – straight 
and branched alkanes 
 
A Hewlett-Packard (HP) 6890 gas chromatograph equipped with a HP 6890 Mass 
Selective Detector (MSD) and an HP 6890 auto-sampler was used for analysis of 
straight (i.e. C10-C33) and branched alkanes (i.e. pristane and phytane), as well as the 
conservative biomarker, C30-17α(H), 21β(H)-hopane. This biomarker is highly 
recalcitrant to biodegradation and is used to determine the loss of degradable 
hydrocarbons in heterogeneous environmental matrices, including beach sediments 
(Prince et al., 1994a). An HP 19091S-433, HP-5MS 5% phenyl methyl siloxane 30m × 
250µm i.d. (0.25µm film) capillary column was used for hydrocarbon separation, with 
helium as the carrier gas at a flow rate of 1.6ml/min. The injector and detector 
temperatures were set at 290°C and 300°C, respectively. The temperature program for 
aliphatic was set as follows: 2-min hold at 50°C; ramp to 105°C at 8°C/min; ramp to 
285°C at 5°C/min, and 3-min hold at 285°C. The temperature program for C30-17α(H), 
21β(H)-hopane was set as follows: 2-min hold at 50°C; ramp to 105°C at 8°C/min; 
ramp to 300°C at 5°C/min, and 5-min hold at 300°C.  One µl aliquot of solvent was 
injected into the GC-MS using a splitless mode with a 6-min purge-off. The MSD was 
operated in the scan mode to obtain spectral data for identification of hydrocarbon 
components, and in the selected ion-monitoring (SIM) mode for quantification of 
target compounds. Ions monitored included: alkanes at m/z of 71 and 85; pristane at 
m/z of 97 and 268; phytane at m/z of 97 and 282; and hopanes at m/z of 191, 177, 412 





3.2.2.4 Gas chromatography/mass spectroscopy (GC/MS) analysis – polycyclic 
aromatic hydrocarbons (PAHs) 
 
A Hewlett-Packard (HP) 6890 gas chromatograph equipped with a HP 6890 Mass 
Selective Detector (MSD) and an HP 6890 auto-sampler was used for analysis of 
polycyclic aromatic hydrocarbons (i.e. fluoranthene, pyrene and benzo(a)pyrene) and 
the conservative biomarker, C30-17α(H), 21β(H)-hopane. An HP 19091S-433, HP-
5MS 5% phenyl methyl siloxane 30m × 250µm i.d. (0.25µm film) capillary column 
was used for hydrocarbon separation, with helium as the carrier gas at a flow rate of 
1.6ml/min. The injector and detector temperatures were set at 290°C and 300°C, 
respectively. The temperature program for PAH was set as follows:  
1-min hold at 90°C; ramp to 160°C at 25°C/min; ramp to 290°C at 8°C/min, and 15-
min hold at 290°C. The temperature program for C30-17α(H), 21β(H)-hopane was set 
as follows: 2-min hold at 50°C; ramp to 105°C at 8°C/min; ramp to 300°C at 5°C/min, 
and 5-min hold at 300°C.  One µl aliquot of solvent was injected into the GC-MS 
using a splitless mode with a 6-min purge-off. The MSD was operated in the scan 
mode to obtain spectral data for identification of hydrocarbon components, and in the 
selected ion-monitoring (SIM) mode for quantification of target compounds. Ions 
monitored included: fluoranthene at m/z of 202; pyrene at m/z of 202; benzo(a)pyrene 
at m/z of 252 and hopanes at m/z of 191, 177, 412 and 397 (Wang et al., 1994). All 








3.2.2.5 Nutrient analysis 
 
Nutrient in sediment pore water or in the leachate sample were analyzed on a HACHTM 
DR2000 direct reading spectrophotometer using HACH proprietary reagents. 
Ammonia (NH3–N) was determined using the Nessler method (Method 8038), nitrate 
(NO3-–N) by the cadmium reduction method (Method 8171), and phosphate (PO43-–P) 
by the phosVer 3 (ascorbic acid) method (Method 8048).  Nutrient concentrations were 
expressed in mg/L. 
 
3.2.2.6 Solid-phase extraction (SPE)  
 
Solid-phase extraction was used to extract the low amount of TergitolNP-9 from the 
aqueous solution. Speedisk column H2O-Philic DVB (part number 8108-08) with 6ml 
solid phase extraction column, 100mg sorbent and 15µm particle diameter was 
purchased from J.T. Baker, USA. Initially, the column was conditioning with 10ml of 
methanol and 10ml pH 2 water to solvate the functional groups of the sorbent. The 
leachate sample (20ml) was then allowed to flow through the column by gravitational 
force in order to promote interaction of analytes (i.e. Tergitol NP-9) with the functional 
groups on the sorbent and retain the analytes on the column. Then, analytes were 
eluted with 40ml of acetonitrile to displace the analytes from the sorbent (Zief and 
Kiser, 1997). The acetonitrile that remained in the sample was evaporated using a hot 
plate. Samples with TergitolNP-9 and other constituents were then dissolved in 1ml 
of the mobile phase [0.5ml of acetonitrile (HPLC grade) and 0.5ml of water buffer 





3.2.2.7 High performance liquid chromatography (HPLC) analysis 
 
Analysis of TergitolNP-9 concentration in the leachate sample was carried out with 
an Agilent 1100 capillary system.  The column that used was a 0.3 x 150mm Agilent 
ZORBAX 300Extend-C18 capillary column with part number 5065-4464. For HPLC 
analysis, 4µL of aliquot was injected into the column and eluted at 30°C, with a set 
flow-rate of 10µL/min and pressure between 260 – 290 bars. The mobile phase 
consists two liquids: water buffer with 0.005M of KH2PO4 at pH 6 and acetonitrile 
(HPLC grade).  Diode array detector was carried out at wavelengths 254/20nm with 
reference 400/100nm. The gradient was set up from 26% to 100% of acetonitrile in 22 
minutes (Schuster, 1991; Marcomini et al., 1987). The surfactant concentrations were 
obtained from data processed with the Agilent software Chem Station LC 3D 
Rev.A.08.04 (1008).  
 
 






CHAPTER 4. LABORATORY STUDY - EFFECTS OF SLOW-
RELEASE FERTILIZER, OSMOCOTETM ON THE 
BIODEGRADATION OF PETROLEUM HYDROCARBONS IN 




Microbiological studies in clean-up operations following marine oil spill incidents 
have demonstrated that bioremediation strategies based on the enhancement of oil 
biodegradation via nutrient addition is effective (Lee et al., 1993; Marty and Martin, 
1996 and Kim et al., 1998). There is no doubt that the biodegradation of oil-
contaminated beach sediment is limited by the availability of essential nutrients such 
as nitrogen and phosphorus (Swannell et al., 1996; Prince, 2002) under prevailing 
natural conditions. However, the important question is how far nutrient amendments 
can be optimized to maximize biodegradation. Thus, in this laboratory study, the 
influence of the slow-release fertilizer, OsmocoteTM on the biodegradation rate of 
residual hydrocarbons (i.e. aliphatic and PAHs) in Arabian Light Crude Oil (ALCO)-
contaminated sediments was assessed over a 30-day period. 
 
4.2 Experimental design 
 
Six microcosms in a “wetlab” (see description below), each measuring 0.30m x 0.25m 
x 0.25m were placed in ambient temperature (i.e. 25-30°C). “Wetlab” is an “open” 
irrigation system, where sediments are free draining, following irrigation with 




deionised water at a density of 1.023 kg/L i.e. the density of natural seawater in 
Singapore. Each microcosm comprised a seawater spray outlet and flow meter 
connected to a single water pump and timer. A schematic diagram represents of a 
“wetlab” is shown in Figure 4.1. The flow rate, the time and the interval of water 
spraying was controlled automatically and set at 0.2 L/min, 10 min and 24 h, 
respectively. Each microcosm was fully saturated with seawater upon irrigation and 
was then held in sediments for one hour before left to drain under gravity between 
wetting intervals. The drainage system in each of the microcosms was covered with 
200-grade mesh in order to prevent sediments and oil flowing out from the 
microcosms. Sediments in the microcosms were tilled daily throughout the experiment 















Figure 4.1  Schematic diagram of “wetlab” 
 
Twelve kilograms of clean and moist sediment from Pulau Semakau, Singapore was 
spiked with 1.3% (weight of crude oil/dry weight of sediment) of Arabian Light Crude 
Oil, ALCO (for properties of clean sediment and ALCO refer to Table 3.1 and Table 




weathering in the open for six days. Two kilograms of the weathered sediment was 
then placed in each of the six microcosms in the “wetlab”. Tay (2001) concluded that 
0.8% to 1.5% was the optimum concentration range of OsmocoteTM fertilizer to be 
added to ALCO-contaminated sediments. Therefore, 1.2% (weight of the OsmocoteTM/ 
dry weight of sediments) of OsmocoteTM (for composition of the OsmocoteTM refers to 
Section 3.1.3 in Chapter 3) was added to three of the microcosms as a nutrient 
amendment. The conditions in each of the microcosms in the “wetlab” are shown in 
Table 4.1. 
 
Table 4.1  Conditions in each microcosm  
Microcosms with 1.3% of ALCO Conditions in oil-contaminated 
sediments 
R∗ 1.2% of OsmocoteTM  
C∗ control 
 ∗ triplicate analysis. 
 
A total of 120g of sediments as well as the leachate from each microcosm following 
drainage were sampled for chemical and biological analysis prior to irrigation on days 
0, 3, 6, 13, 17, 21, 25, 30 of the experiment. For biological analysis, respirometry 
analysis was conducted to determine the carbon dioxide production rate of the 
indigenous microbial biomass (refer to Section 3.2.1.1 in Chapter 3). For chemical 
analysis, the concentration of NH3-N, NO3--N and PO43--P in the sediment leachates 
(refer to Section 3.2.2.5 in Chapter 3) was determined, total petroleum hydrocarbon 
(TPH) and gas chromatography-mass spectroscopy (GC-MS) analysis were conducted 
to determine the biodegradation loss of hydrocarbons in the ALCO-contaminated 
sediments (refer to Section 3.2.2.1, 3.2.2.3 and 3.2.2.4 in Chapter 3). The entire 





4.3 Statistical analysis 
 
A Tukey’s One Way ANOVA test in software SigmaStat 3.0 at a confidence interval 
of 95% was used to determine if mean values of nutrients, total recoverable petroleum 
hydrocarbons, total n-alkanes, fluoranthene, pyrene, pristane and phytane to hopane 
ratios, as well as carbon dioxide release rate in the ALCO-spiked untreated controls 
and OsmocoteTM-treated sediments differed significantly. 
 
4.4 Results and discussion 
 
4.4.1 Nutrient levels in sediment leachates 
 
Nutrient concentrations in the sediment leachates over the 30-day experimental period 
are shown in Figure 4.2. The concentration of NH3-N, NO3--N and PO43--P in the 
leachate from ALCO-spiked unamended control sediment was low and constant 
throughout the experiment (Figure 4.2). This result demonstrates that nutrient 
availability was limited in the ALCO-contaminated sediments. In Figure 4.2, the NH3-
N, NO3--N and PO43--P concentrations in the OsmocoteTM-amended sediment leachate 
were higher than unamended control sediment leachate during the 30-day experimental 
period. Thus, OsmocoteTM fertilizer elevated and sustained nutrient (i.e. nitrogen and 
phosphorus) concentrations in ALCO-contaminated sediments compared to the 
unamended control. Before day 21, the high concentration of NO3--N in the leachate 
from the fertilized and unfertilized microcosms compared to NH3-N and PO43--P 





In Figure 4.2, the error bars in OsmocoteTM-amended sediment leachates appeared 
significantly as the rate of nutrient released from OsmocoteTM and the rate of nutrient 
leaching or immobilisation into the microbial biomass might be difference among the 
























ammonia-N (Osmocote) ammonia-N (control) 
nitrate-N (Osmocote) nitrate-N (control) 
phosphate-P (Osmocote) phosphate-P (control)
 







4.4.2 Total recoverable petroleum hydrocarbons (TRPH) in sediments 
 
Figure 4.3 shows the total residual hydrocarbons in sediments over the 30-day duration 
of the experiment. At the end of the experiment, petroleum hydrocarbons degraded in 
the OsmocoteTM-amended sediment were slightly higher than in the oiled, unfertilized 
control sediment (Figure 4.3). As residual oil in the sediments contained hydrocarbons 
including polycyclic aromatic hydrocarbons, which are highly recalcitrant to 
biodegradation, the mean total loss of petroleum hydrocarbons due to the 
biodegradation in the OsmocoteTM-amended sediment did not differ significantly 











































4.4.3 Loss of aliphatic hydrocarbons 
4.4.3.1 Loss of straight (C10 – C33) alkanes  
 
Figure 4.4 and Figure 4.5 show the relative losses of individual straight (C10-C33) 
alkanes in the OsmocoteTM-treated sediment and control sediment over the 30-day 
duration of the experiment. The relative loss rates of individual straight chain n-
alkanes in the OsmocoteTM-treated sediment were greater than unamended control 
sediment.  
 
From the GC-MS analysis, straight alkanes with high molecular weights (i.e. C27-C33) 
were not found in both fertilized and unfertilized ALCO-spiked sediments over the 
duration of the experiment (Figure 4.4 and Figure 4.5). It is possible that 1.3%(w/w) of 
Arabian Light Crude Oil contained a very low concentration of straight alkanes with 
high molecular weights (i.e. C27-C33) and the high molecular weights of straight 
alkanes were lost during the physical weathering.   
 
In the straight chain n-alkanes, there was no apparent increased in the relative amount 
of smaller carbon fractions even though the larger carbon fractions were degraded with 
respect to time (Figure 4.4 and 4.5). The biodegradation and nonbiodegradation (i.e. 
evaporation and leaching) rates of the smaller carbon chains possibility were higher 
than the larger carbon chains. Thus, the smaller carbon chains that formed by the decay 
of the larger carbon chains may degrade rapidly by the indigenous microorganisms or 





The concentration of C30-17α(H), 21β (H) –hopane remaining in the fertilized and 
unfertilized sediments at the end of the experiment was equal to that present in the 
crude oil initially, demonstrating its recalcitrance to biodegradation and value as a 
conservative biomarker.  This was similar to Prince et al., 1994a and Bragg et al., 
1994, who also used C30-17α(H), 21β (H) –hopane as internal standard biomarker for 
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Figure 4.5  Individual straight (C10 – C33) alkanes:hopane ratios in unfertilized control 
sediment 
 
The relative total loss of straight (C10-C33) alkanes in the fertilized and unfertilized 
sediments was also monitored in the course of the experiment. In Figure 4.6, the 
relative total loss of straight alkanes in the unamended control sediment was low and 
quite constant throughout the experiment. In ANOVA statistical model, the mean 
relative total loss of straight chain n-alkanes in the OsmocoteTM-amended sediment 
was significantly (P<0.05) higher than the unfertilized control at the termination of the 
experiment on day 30.  At the end of the experiment, 63% of the relative total straight 
alkanes was lost due to biodegradation or leaching in the OsmocoteTM-amended 
sediment compared to only 24% in the control. Thus, OsmocoteTM fertilizer enhanced 










































Figure 4.6  Total straight chain n-alkanes:hopane ratios in OsmocoteTM-treated 
sediment and unfertilized control sediment during the experiment 
 
4.4.3.2 Loss of branched alkanes 
 
Figure 4.7 shows the relative loss of branched alkanes (i.e. pristane and phytane) in 
OsmocoteTM-treated sediment and unfertilized control sediment at each sampling 
period over 30 days. The mean relative losses of pristane and phytane between 
OsmocoteTM-amended sediment and unfertilized control sediment differed 
significantly (P<0.05) on day 30. At the end of the experiment, the relative loss of 
branched alkanes (i.e. pristane and phytane) in the OsmocoteTM-treated sediment were 
approximately 57% (for pristane) and 73% (for phytane) higher than in an unamended 
control sediment. Thus, OsmocoteTM fertilizer also enhanced the biodegradation loss as 





In Figure 4.7, the trend of both control fluctuated substantially. It is possible that the 
nonbiological fate processes (physical weathering, volatilization, leaching, etc) in the 
semi-heterogenous ALCO-spiked control sediment produced the fluctuating relative 
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Figure 4.7  Branched alkanes:hopane ratios in OsmocoteTM-treated sediment and 
unfertilized control sediment during the experiment 
 
4.4.4 Loss of polycyclic aromatic hydrocarbons (PAHs) 
 
An experiment was conducted to monitor the relative loss of 4-ring PAHs (i.e. 
fluoranthene and pyrene) in the fertilized and unfertilized sediments over 30 days. The 
persistence and bioavailability of PAHs in the sediments depend on the physical and 




al., 1990). In Figure 4.8, on day 30, the relative loss of 4-ring PAHs (i.e. fluoranthene 
and pyrene) in OsmocoteTM-treated sediment was approximately 20% higher than an 
unfertilized control sediment. At day 30, 76% of fluoranthene and 97% of pyrene in 
OsmocoteTM-amended sediment as well as 60% of fluoranthene and 63% of pyrene in 
ALCO-spiked control sediment were lost via biodegradation or leaching (Figure 4.8). 
As the initial relative concentration of 4-ring PAHs (i.e. fluoranthene and pyrene) in 
the unfertilized control sediments was low, the great percentage loss (biological and 
nonbiological losses) of the relative concentration of 4-ring PAHs was occurred at the 
termination of the experiment on day 30 (Figure 4.8). In ANOVA statistical model, the 
mean relative loss of 4-ring PAHs between OsmocoteTM-amended sediment and 
unfertilized control sediment did not differ significantly (P>0.05) at the end of the 
experiment. Therefore, OsmocoteTM fertilizer slightly enhanced the biodegradation loss 
of 4-ring PAHs especially fluoranthene and pyrene in the ALCO-contaminated 
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Pyrene (Osmocote) Pyrene (Control)
Figure 4.8  4-ring PAH:hopane ratios in OsmocoteTM-treated sediment and unfertilized 
control sediment during the experiment 
 
4.4.5 Respiration of microbial biomass 
 
Measurements of total carbon dioxide production can provide excellent information on 
the biodegradability potential of hydrocarbons in oil-contaminated sediments. In 
Figure 4.9, the significantly higher carbon dioxide production rate in the OsmocoteTM-
treated sediment compared to unfertilized control at each sampling time (P<0.05 
between fertilized and unfertilized sediments in ANOVA statistical model) shows that 
OsmocoteTM fertilizer was an effective bioremediation agent to enhance microbial 
activity and hence biodegradation in the fertilized, ALCO-contaminated sediments. 
OsmocoteTM pellets, which provide additional NH3-N, NO3--N and PO43--P to the 




community, resulted in an increased biodegradation loss of aliphatic and 4-ring PAHs 













































Figure 4.9  Respiration rate of indigenous microorganisms in fertilized and 
unfertilized sediments over 30 days 
 
4.5 Concluding remarks 
 
The slow-release fertilizer, OsmocoteTM was effective at sustaining nitrogen and 
phosphorus nutrient levels throughout the experiment in ALCO-contaminated 
sediments. OsmocoteTM fertilizer is excellent alternatives to soluble fertilizers as the 
nutrient is released at a slower rate, where most of the nutrient might be taken by the 
indigenous microbial biomass and the leaching loss of nutrient can be minimized.  
 
In this laboratory study, OsmocoteTM served as an effective nutrient source, which 




experiment. However, the additional of OsmocoteTM fertilizer to the ALCO-
contaminated sediments did not facilitate a rapid removal of 4-ring PAHs throughout 


























CHAPTER 5. FIELD TRIAL STUDY - EFFECTS OF SLOW-
RELEASE FERTILIZER, OSMOCOTETM ON THE 
BIODEGRADATION OF PETROLEUM HYDROCARBONS IN 




In Singapore, as elsewhere, the natural biodegradation process is constrained by the 
availability of nutrients to the indigenous microbial biomass. As in any open foreshore 
environment, essential metabolic nutrients are scarce as a result of heavy leaching by 
tidal inundation and wave action (Head and Swannell, 1999).  
 
Numerous experimental studies have shown that the in-situ amendment of nutrients to 
beach sediments can result in enhanced biodegradation of petroleum hydrocarbons 
(Mearns, 1997, Lee and Merlin, 1999 and Head and Swannell, 1999). However, 
nutrient amendment of open beach environments is often impractical as water-soluble 
nutrients can be rapidly diluted and leached out of the sediment profile (Lee and Mora, 
1999). Slow-release inorganic fertilizers are designed to release nutrients continually 
or intermittently over a period of time upon contact with water (Lessard et al., 1995). 
Pelletized slow-release fertilizers such as Customblen (Pritchard et al., 1992; Lessard 
et al., 1995) and Max Bac (Sveum and Ramstad, 1995; Wright et al., 1996; Oudot et 
al., 1998) have been applied to oil contaminated beach sediments in order to stimulate 





In this study, the potential of the slow-release fertilizer OsmocoteΤΜ to enhance 
indigenous biodegradation of oil derived aliphatic straight (i.e. C10-C33) and branched 
chain alkanes (i.e. pristane and phytane) as well as 4-ring polycyclic aromatic 
hydrocarbons (i.e. fluoranthene and pyrene) in beach sand sediments in Singapore 
were investigated in a field trial conducted on an intertidal foreshore.  
 
5.2 Experimental design 
 
Six free-draining, stainless steel (grade 316) microcosms, each measuring 
75x75x60cm, were placed between the upper and lower tidal limits of an isolated 
beach on a small island eight kilometers to the south of the Singapore main island, 
Pulau Semakau (Figure 5.1). The bases of the microcosms were inserted to a depth of 
25cm into the beach sediment. The experiment included three replicate microcosms 
containing ALCO-spiked sediments amended with OsmocoteΤΜ, and three ALCO-
spiked unamended controls (details below). Control and treated microcosms were 
alternated with a spatial separation of 2m between each microcosm. As the tidal range 
in Singapore is restricted (typically around 2-3 meters) and wave action is limited, the 
risk of physical damage to the microcosms was low. The top of each microcosm was 
fitted with a cover of fine stainless steel wire mesh (s/s mesh size #100) in between 
two sheets of coarser mesh (s/s mesh size #24) to allow the free exchange of seawater, 
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Figure 5.3  Photograph showing the fertilized and unfertilized microcosms on the 
Pulau Semakau beach sediment 
 
A total of 480kg of wet beach sand sediment was spiked with 5% (weight of 
ALCO/weight of sediment) of ALCO (for properties of sediment and ALCO refer to 
Table 3.1 and Table 3.2 in Chapter 3). Oil spiked sediments were thoroughly 
homogenized by physical mixing and then weathered for two weeks to allow physical 
adsorption of petroleum hydrocarbons to sand particulates, as well as the loss of 
volatile organic compounds. Each microcosm contained 80kg of ALCO spiked, 
weathered sediment, where three of the microcosms were amended with 1.2% (weight 
of OsmocoteTM/weight of sediments) OsmocoteΤΜ and thoroughly mixed just prior to 
the start of the field trial (for composition of OsmocoteTM refers to Section 3.1.3 in 
Chapter 3). Microcosms were naturally inundated with seawater twice daily by the 
tide, and left undisturbed between sample episodes i.e. there was no physical agitation 




composite 800g of wet sediment samples (i.e. 100g from eight sub-collection points to 
a depth of 15cm) were taken randomly from each microcosm for biological and 
chemical analysis in the laboratory. For biological analysis, respirometry analysis was 
conducted to determine the carbon dioxide production rate of the indigenous microbial 
biomass (refer to Section 3.2.1.1 in Chapter 3) and dehydrogenase activity analysis 
was used to determine the metabolic activity of the indigenous microorganisms in the 
sediments (refer to Section 3.2.1.2 in Chapter 3). For chemical analysis, nutrients in 
the sediment sub-samples (50g dry wt equivalent) were extracted with 250ml of 
deionized water and equilibrated on a rotary shaker (150 rpm) for 90 minutes at 25°C 
(Venosa et al., 1996). The concentrations of NH3-N, NO3--N and PO43--P in the 
sediment pore waters were determined by nutrient analysis (refer to Section 3.2.2.5 in 
Chapter 3). Besides, total recoverable petroleum hydrocarbon (TRPH) and gas 
chromatography-mass spectroscopy (GC-MS) analysis were used to determine the 
biodegradation loss of petroleum hydrocarbons in the ALCO-contaminated sediments 
(refer to Section 3.2.2.1, 3.2.2.3 and 3.2.2.4 in Chapter 3). Sampling was conducted on 
day 0, 7, 15, 21, 28, 40, 56, 69, 77 and 105 when the experiment was terminated.  
 
5.3 Statistical analysis 
 
A Tukey’s One Way ANOVA test in software SigmaStat 3.0 at a confidence interval 
of 95% was used to determine if mean values of nutrients, total recoverable petroleum 
hydrocarbons, total n-alkanes, fluoranthene, pyrene, pristane and phytane to hopane 
ratios as well as dehydrogenase activity of the indigenous microbial biomass and 
carbon dioxide release rate in the ALCO-spiked controls and OsmocoteTM-amended 




5.4 Results and discussion 
 
5.4.1 Nutrient levels in sediment pore waters 
 
Nutrients of major concern in the field application of bioremediation are nitrogen and 
phosphorus because minor trace elements are usually present in sufficient amounts in 
the natural environment (King et al., 1992).  The nutrient (i.e. NH3-N NO3--N and 
PO43--P) concentrations in sediment pore waters from unfertilized controls and 
OsmocoteTM-treated microcosms over the duration of the field trial experiment are 
shown in Figure 5.4. Nutrient levels in the ALCO-spiked control sediment pore water 
were low and stable throughout the experiment (Figure 5.4). Therefore, Pulau 
Semakau beach sediment is not the nutrients (i.e. nitrogen and phosphorus) enriched 
zone and indigenous microbial activity is likely to be constrained. Initially, the rate at 
which NH3, NO3- and PO43- released from the OsmocoteΤΜ pellets almost was higher 
than the rate of nutrient leaching and immobilisation into the microbial biomass, where 
the concentration of NO3--N increased up till day 21 (maxima of 37.79 ± 4.05 mg/L), 
NH3-N and PO43--P up to day 28 (maxima of 29.01 ± 4.38 mg/L and 26.16 ± 5.43 
mg/L, respectively). After 77 days, nutrient levels in the fertilized and unfertilized 
sediment pore waters were almost constant up to the termination of the experiment on 
day 105. As compared to the unfertilized control sediment pore water, the presence of 
the OsmocoteΤΜ fertilizer was able to sustain a significantly elevated level of nutrients 
in naturally leached beach sediments over the entire duration of the experiment 



























Phosphate-P (Osmocote) Phosphate-P (Control)
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Figure 5.4  Nutrient levels in sediment pore waters during the experiment 
 
5.4.2 Total recoverable petroleum hydrocarbons in the sediments 
 
Figure 5.5 shows the residual hydrocarbons in the fertilized and unfertilized sediments 
during the experiment. In Figure 5.5, the biodegradation and leaching losses of the 
residual hydrocarbons in the OsmocoteTM-amended sediment were significantly higher 
than unfertilized control sediment at the end of the field trial experiment (P<0.05). At 
day 105, the biodegradation and leaching losses of residual hydrocarbons in the 
OsmocoteTM-amended sediment were approximately 20% higher than unfertilized 
control sediment. OsmocoteTM fertilizer accelerated the biodegradation as well as 
leaching losses of the residual hydrocarbons (i.e. aliphatic, PAHs etc) in the ALCO-














































Figure 5.5  Total recoverable petroleum hydrocarbons in the sediments during the 
experiment 
 
5.4.3 Loss of aliphatic hydrocarbons  
 
Initial composition of aliphatic hydrocarbons (i.e. straight and branched alkanes) and 
composition of aliphatic hydrocarbons on day 105, as determined by GC-MS analysis 
are shown in Figures 5.6 and 5.7. By comparison with the aliphatic hydrocarbons in 
the OsmocoteTM-amended sediment and unfertilized control sediment between day 0 
and day 105, the chromatograms show that OsmocoteTM was responsible for the rapid 







Figure 5.6  Gas chromatographic analyses of individual straight and branched alkanes 
recovered from the application site on day 0. Chromatograms are at the scale relative 
to conservative biomarker, C30-17α(H), 21β(H)-hopane 
 






Figure 5.7  Gas chromatographic analyses of individual straight and branched alkanes 
recovered from the application site on day 105. Chromatograms are at the scale 
relative to conservative biomarker, C30-17α(H), 21β(H)-hopane 
 
5.4.3.1 Loss of straight (C10 - C33) alkanes 
 
The concentration of C30-17α(H), 21β(H)–hopane remaining in the sediments at the 
end of the experiment was equal to that present in the crude oil initially, demonstrating 
its recalcitrance to biodegradation and value as a conservative biomarker. The relative 
concentrations of individual straight alkanes (i.e. C10-C33) in the unfertilized control 





sediment and OsmocoteTM-treated sediment on a particular sample day are shown in 
Figure 5.8 and Figure 5.9. The relative losses of individual straight alkanes in 
OsmocoteTM-amended sediment were faster than unfertilized control sediment   
(Figure 5.8 and Figure 5.9).  
 
In Figure 5.8 and 5.9, the physical weathering process most probably caused the 
disappearance of the smaller carbon fractions of the straight alkanes (i.e. C10-C12) in 
the fertilized and unfertilized oil-contaminated sediments throughout the period of the 
study.  
 
In the straight chain n-alkanes, the smaller carbon chains may degrade faster than the 
larger carbon chains, where the decomposition of the larger carbon chains did not 
increase significantly the amount of the smaller carbon chains either in the 
OsmocoteTM-amended sediment or in an unamended control sediment over the 105-
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Figure 5.10 represents the hopane-normalized total straight alkane levels remaining in 
the microcosms, which contained fertilized and unfertilized sediments over 105 days.  
The mean relative total straight alkanes level between the fertilized and unfertilized 
sediments was statistically different after day 105 (P<0.05), even though the relative 
total loss of straight chain n-alkanes in the OsmocoteTM amended sediment was 99% 
while that of the control was 90% at the end of the experiment (Figure 5.10). In 
OsmocoteΤΜ-amended sediment, relative total straight alkanes was leached out and 
degraded rapidly from day 0 until day 28 (Figure 5.10). At day 28, 92% of the relative 
total straight alkanes in the OsmocoteTM-amended sediment was lost via 
biodegradation and washed out by the tidal inundation. However, the relative total loss 
of straight alkanes in the unfertilized control sediment was substantially (and 
significantly) lower, where 65% of the relative total straight alkanes remained at day 
28. Therefore, OsmocoteTM pellets; which elevated the nutrient levels in the beach 
sediments (see Figure 5.4) accelerated the biodegradation rate of total straight alkanes 
in the ALCO-contaminated sediments. In Figure 5.10, the relative total straight alkanes 
remaining in the OsmocoteTM-amended sediment almost approached to the zero level 









































Figure 5.10  Total straight chain n-alkanes:hopane ratios in OsmocoteTM-treated 
sediment and unfertilized control sediment during the experiment 
 
5.4.3.2 Loss of branched alkanes 
 
The relative loss of branched alkanes (i.e. pristane and phytane) in the fertilized and 
unfertilized sediments in the microcosms on the Pulau Semakau field trial during the 
experiment are shown in Figure 5.11. Using the ANOVA statistical model, the relative 
concentrations of pristane and phytane remaining in the OsmocoteΤΜ−amended 
sediment was found to be significantly lower than in the unfertilized control sediment 
(P<0.05) at the end of the experiment. The relative loss of pristane in the OsmocoteTM-
treated sediment was greater than 96% after 105 days as compared to only 47% loss in 
the unfertilized control, and the relative loss of phytane was greater than 97% in the 




sediment after 105 days. Thus, it was evident that OsmocoteΤΜ also was able to 
significantly enhance and accelerate the biodegradation rate of the more recalcitrant 
branched alkanes in ALCO-contaminated sediments under field conditions.  
 
Besides, in the unfertilized control sediment, the natural biodegradation loss of total 
straight alkanes was higher than branched alkanes at day 105 (Figure 5.10 and 5.11). 
This result was similar to Atlas, 1995, which demonstrated that branched alkanes were 
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Figure 5.11  Branched alkanes:hopane ratios in OsmocoteTM-treated sediment and 





5.4.4 Loss of polycyclic aromatic hydrocarbons (PAHs) 
 
The time courses concentration of polycyclic aromatic hydrocarbons are shown in 
Figure 5.12. The relative concentration of 4-ring PAHs (i.e. fluoranthene and pyrene) 
in the OsmocoteTM-amended sediment was degraded and leached out rapidly from day 
0 to day 40 and subsequently reached remained at a constant level (Figure 5.12). At 
day 40, the relative loss of 4-ring PAHs (i.e. fluoranthene and pyrene) in the 
OsmocoteTM-amended sediment were approximately 91% compared to only 48% loss 
in the unfertilized control sediment. Thus, OsmocoteTM fertilizer significantly 
enhanced the biodegradation rate of 4-ring PAHs in the ALCO-contaminated 
sediments within the first 40-day. However, in Figure 5.12, at day 105, the relative loss 
of 4-ring PAHs (i.e. fluoranthene and pyrene) in the unfertilized control sediment were 
only 17% lower than OsmocoteTM-amended sediment. It seems that over an extended 
period of time, oil-contaminated beach sediments without nutrient amendments, also 
show a significant reduction in the relative concentration of 4-ring PAHs (i.e. 
fluoranthene and pyrene), which were low as compared to the aliphatic hydrocarbons 
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Figure 5.12  4-ring PAH: hopane ratios in OsmocoteTM-treated sediment and 
unfertilized control sediment during the experiment 
 
5.4.5 Respiration of microbial biomass 
 
Figure 5.13 shows the microbial respiration activity in the fertilized and unfertilized 
oiled beach sediments over 105 days. The carbon dioxide release rate in the 
unfertilized control sediment was low and stable throughout the experiment (Figure 
5.13). The carbon dioxide production rate in the OsmocoteTM-amended sediment 
increased approximately four-fold over the first 21 days and then decreased rapidly 
until achieving a steady state from day 21 onwards (Figure 5.13). In OsmocoteTM-
amended sediment, a substantial biodegradation rate of aliphatic (i.e. straight and 




following the reduction of aliphatic concentrations in OsmocoteTM-amended sediment, 
the carbon dioxide production rate was decreased (see Figure 5.8, 5.10 and 5.11). 
Using the ANOVA statistical model, the addition of OsmocoteTM fertilizer caused a 
substantial increased in mean carbon dioxide production rate within the beach 
sediments in comparison with the unfertilized control over the first 56 days (P<0.05). 
However, the mean carbon dioxide production rate between the fertilized and 
unfertilized sediments was not statistically different after 56 days (P>0.05). The low 
residual hydrocarbon substrates in the OsmocoteTM-amended sediment (i.e. aliphatic 
and 4-ring PAHs) after 56 days may become the factor limiting the respiration rate of 













































Figure 5.13  Carbon dioxide production rate of indigenous microorganisms in 





5.4.6 Dehyrogenase activity of microbial biomass 
 
Dehydrogenase activity of the indigenous microbial biomass over the duration of the 
experiment is shown in Figure 5.14.  OsmocoteTM pellets increased significantly 
(P<0.05) the metabolic activity of the indigenous microorganisms in the ALCO-
contaminated beach sediments compared to unfertilized control during the whole 
experimental period except between day 69 and day 77. The mean dehydrogenase 
activity in the OsmocoteTM-treated sediment increased approximately by a factor of 44 
times from day 0 (i.e. 0.32 ± 0.03 µg INTF formed/g dry sediment-hour) to day 28 (i.e. 
14.45 ± 2.04 µg INTF formed/g dry sediment-hour), and then subsequently declined to 
2.55 ± 0.86 µg INTF formed/g dry sediment-hour at the termination of the field trial on 
day 105. The dehydrogenase activity of the microbial biomass in the unfertilized 
control sediment increased only gradually from 0.22 to 2.37 µg INTF formed/g dry 
sediment-hour between day 0 and day 69. The dehydrogenase activity of the microbial 
biomass in the OsmocoteTM-amended sediment was approximately ten times higher 
than in an unfertilized control sediment at the peak of activity on day 28 (Figure 5.14). 
The reduction of dehydrogenase activity in the OsmocoteΤΜ−treated sediment from 
day 28 onwards was most likely due to a reduction in aliphatic hydrocarbons as well as 








































Figure 5.14  Dehydrogenase activity of the indigenous microorganisms in 
OsmocoteTM-amended sediment and unfertilized control sediment during the 
experiment  
 
5.5 Concluding remarks 
 
The sustained release of nutrients in beach sediments amended with OsmocoteTM was 
sufficient to significantly enhance the metabolic activity of the indigenous microbial 
biomass and accelerate the biodegradation losses of aliphatic and 4-ring PAHs in 
leached beach sediments under natural field conditions. This finding supports the 
results from Ramsay’s study on the use of OsmocoteTM in the bioremediation of 
contaminated mangrove sediments (Ramsay et al., 2000), as well as other studies 
where other slow-release fertilizers have been applied successfully as nutrients to 
optimize and sustain indigenous bacterial oil-degradation activity within sand beach 




The hopane-normalized total straight alkanes (C10-C33) lost in the ALCO-contaminated 
sediments was 92% in the presence of a 1.2% (w/w) dosage of OsmocoteΤΜ by day 28, 
compared to only 35% in the unfertilized control. The extent of biodegradation was 
closely associated with the metabolic activity of the indigenous microbial biomass, as 
determined using the dehydrogenase bioassay, where nutrients release from 
OsmocoteTM dramatically increased the metabolic activity of the indigenous microbial 
biomass. The ability of OsmocoteTM to supply a sufficiently high level of nutrients 
over a 105-day period to the biomass in an open, leached foreshore environment, at a 
reasonably low application rate of 1.2% (w/w), is impressive. Overall, OsmocoteΤΜ 
can be regarded as an effective slow-release fertilizer for the biodegradation of 
petroleum hydrocarbons in oil contaminated beach sediments in the tropical 

















CHAPTER 6.  THE TOXIC EFFECT OF VARIOUS NONIONIC 
SURFACTANTS ON INDIGENOUS MICROORGANISMS AND 
THE DESORPTION OF HYDROCARBON COMPOUNDS FROM 




Nonionic surfactants are useful for the bioremediation of oil-contaminated beach 
sediments as they enhance the desorption of the hydrocarbon compounds. Research 
has been conducted to study the enhancement of biodegradation of polycyclic aromatic 
hydrocarbons (PAHs) using nonionic surfactants to increase the desorption rates of the 
PAHs from soil slurry (Kim et al., 2001). However, little information is available 
concerning the toxic effect of nonionic surfactants on hydrocarbon-degrading 
microorganisms and the extent of desorption of hydrocarbon compounds from oil-
contaminated sediments with nonionic surfactants. Thus, the objectives of this study 
were to investigate the effect of six nonionic surfactants (Triton X-114TM, Tween80, 
Tween20, Span80, TergitolNP-9 and Brij76) on the indigenous microbial biomass 
and the desorption rate of hydrocarbons from fuel oil-contaminated sediments. 
 
6.2 Experimental design 
 
6.2.1 Toxicity of various nonionic surfactants 
 
The toxicity of nonionic surfactants on microbial biomass was determined by 




Instruments Micro-Oxymax v 6.08). Glucose with 5% (weight of glucose/dry weight 
of sediment) was added to three kilograms of the clean and moist sediment from Pulau 
Semakau, Singapore (for properties of clean sediment refer to Table 3.1 in Chapter 3). 
As crude oil has a toxic impact on microorganisms, glucose (C6H12O6) purchased from 
Merck, Germany, was used as readily available substrate to the indigenous 
microorganisms. Three hundred grams of wet sediment with 5% of glucose was placed 
in each of the eight respiration chambers (1000ml), where seven of the chambers were 
amended with soluble nutrients with an N: P moles ratio equal to 10: 1. The chambers, 
which contained sediments amended with and without soluble nutrients in the presence 
of glucose were placed in a water bath at 30°C for 3 days to incubate the microbial 
community in the sediments. After 3 days, 5g/L of Triton X-114TM, Tween80, 
Tween20, Span80, TergitolNP-9 and Brij76 were added to separated chambers 
that contained sediments amended with glucose and soluble nutrients (for properties 
and structural formula of various nonionic surfactants refer to Table 3.3, Table 3.4 and 
Figure 3.1 in Chapter 3). The conditions in each of the chambers are listed in Table 
6.1. 
 
Table 6.1  Conditions in each of the respiration chambers 
Chambers Conditions in wet sediments 
T1 5g/L of Brij76 + soluble nutrients + glucose 
T2 5g/L of TergitolNP-9 + soluble nutrients + glucose 
T3 5g/L of Tween20 + soluble nutrients + glucose 
T4 5g/L of Span80 + soluble nutrients + glucose 
T5 5g/L of Tween80 + soluble nutrients + glucose 
T6 5g/L of Triton X-114TM + soluble nutrients + glucose 






The chambers were connected to the microbial respirometer and the respirometry assay 
was run for 4 days. Carbon dioxide production rate was assumed to be representative 
of the toxicity of the nonionic surfactants. Analysis was completed in duplicate. 
 
6.2.2 Desorption of hydrocarbons from oil-contaminated sediments  
 
The extent of desorption of the hydrocarbons from oil contaminated sediments with 
several types of nonionic surfactants (Triton X-114TM, Tween80, Tween20, 
Span80, TergitolNP-9 and Brij76) was measured using total petroleum 
hydrocarbons analysis. A total of 400g of the clean and moist sediment from Pulau 
Semakau, Singapore (for properties of clean sediment refer to Table 3.1 in Chapter 3) 
was spiked with 3.66% (weight of marine fuel oil/dry weight of sediment) of marine 
fuel oil. Table 6.2 shows the carbon, hydrogen and nitrogen (CHN) composition of the 
marine fuel oil. The CHN composition of marine fuel oil was measured on a 
PerkinElmerTM Series 2400 II carbon, hydrogen, nitrogen and sulfur/ oxygen 
(CHNS/O) analyzer. 
 
Table 6.2  Composition of marine fuel oil 
Weight of carbon, % 90.19 ± 0.21  
Weight of hydrogen, % 10.83 ± 0.12 
Weight of nitrogen, % 1.23 ± 0.50 
 
The sediment was mixed with marine fuel oil manually and left for weathering in the 
open for two weeks. After two weeks, 50g of the weathered sediment were placed in 
each of the 250ml conical flasks. Triton X-114TM, Tween80, Tween20, Span80, 
TergitolNP-9 and Brij76 with 5g/L were added to separated conical flasks that 




nonionic surfactants refer to Table 3.3, Table 3.4 and Figure 3.1 in Chapter 3). The 
conditions in each conical flask are shown in Table 6.3. 
 
Table 6.3  Conditions in each of the conical flasks  
Flasks with 3.66% of marine fuel 
oil 
Conditions in oil-contaminated 
sediments  
T1  5g/L of Brij76  
T2 5g/L of TergitolNP-9  
T3 5g/L of Tween20 
T4 5g/L of Span80 
T5 5g/L of Tween80 
T6 5g/L of Triton X-114TM 
C control 
 
The samples in the conical flasks were equilibrated for 48 hours at 25°C on a rotary 
shaker at 125 rpm. The polypropylene funnels with 110mmφ whatman filter papers 
were used to remove the sediments from the aqueous solutions. The amount of 
hydrocarbons remaining in dry sediments was determined using total petroleum 
hydrocarbons (TPH) analysis (refer to Section 3.2.2.1 in Chapter 3). Analysis was 
completed in duplicate. 
 
6.3 Results and discussion 
 
6.3.1 Toxicity of various nonionic surfactants 
 
Figure 6.1 shows the amount of carbon dioxide produced by the indigenous 
microorganisms when glucose, Triton X-114TM, Tween80, Tween20, Span80, 
TergitolNP-9 and Brij76 were used as the carbon source. Relative to an unamended 
control sediment (i.e. sediment treated with glucose only); soluble nutrients increased 




production rate in glucose and nutrient-amended sediment was 15 times higher than 
with glucose-amended sediment. This result indicates that the respiration rate of the 
microbial biomass is constrained by the limited amount of nutrients (i.e. nitrogen and 
phosphorus) available in the natural environment. Adding nutrients enhanced the 
metabolic activity of the indigenous microorganisms. In Figure 6.1, the carbon dioxide 
production rate in sediments amended with surfactants in the presence of soluble 
nutrients and glucose was decreased. Triton X-114TM, Tween80, Tween20, 
Span80, TergitolNP-9 and Brij76 at a concentration of 5g/L had a toxic impact on 
the microbial biomass. Among the six nonionic surfactants with soluble nutrients and 
glucose present in the sediments, Span80 had the highest carbon dioxide release rate, 
which was 57.3 µL/min and Brij76 had the lowest respiration rate which was 43.8 
µL/min (Figure 6.1). Around 53.5 µL/min of carbon dioxide also was released in 
sediment treated with TergitolNP-9, soluble nutrients and glucose (Figure 6.1). This 
result shows that Span80 and TergitolNP-9 have the least toxic impact on the 




















































T1 - 5g/L of Brij 76, soluble nutrients and glucose in clean sediment.
T2 - 5g/L of Tergitol NP-9, soluble nutrients and glucose in clean sediment.
T3 - 5g/L of Tween 20, soluble nutrients and glucose in clean sediment.
T4 - 5g/L of Span 80, soluble nutrients and glucose in clean sediment.
T5 - 5g/L of Tween 80, soluble nutrients and glucose in clean sediment.
T6 - 5g/L of Triton X-114, soluble nutrients and glucose in clean sediment.
T7 - Glucose and soluble nutrients in clean sediment.
C - Glucose in clean sediment. 
 
Figure 6.1  Microbial carbon dioxide production rates in the presence of various 
surfactants 
 
6.3.2 Desorption of hydrocarbons from oil-contaminated sediments  
 
The ability of Triton X-114TM, Tween80, Tween20, Span80, TergitolNP-9 and 
Brij76 to remove hydrocarbons from fuel oil-contaminated sediments was examined 
by measuring the total amount of hydrocarbons remaining in the oil-contaminated 
sediments after a 48-hour. In Figure 6.2, the total recoverable petroleum hydrocarbons 
in fuel oil-contaminated sediments were plotted as a function of various nonionic 




hydrocarbons were still present in the oil-contaminated sediment after 48 hours (Figure 
6.2). Relative to an unamended control sediment, the presence of nonionic surfactants 
in the oil-contaminated sediments reduced the adherence of hydrocarbons to the solid 
phase. After 48 hours, 13%-57% of the hydrocarbons were desorbed from the 
surfactant-amended sediments. Nonionic surfactants desorbed the hydrocarbon 
compounds from the solid phase and transferred them to the liquid phase as well as to 
the liquid-solid interfaces. Among the six nonionic surfactants, Triton X-114TM 
desorbed the highest amount of hydrocarbons from the contaminated sediment and 
Span80 desorbed the lowest amount of hydrocarbons from the solid phase. After two 
days, 57% of the hydrocarbons in the Triton X-114TM-amended sediment were 
desorbed, whereas only 13% of the hydrocarbons were desorbed in the Span80-
amended sediment. According to Section 3.1.4 in Chapter 3, the hydrophilic-lipophilic 
balance (HLB) of Span80 is 4.3 and the HLB of Triton X-114TM is 12.4. The 
surfactant with a lower HLB resulted in the lowest desorption rate of hydrocarbons 
from the sediments. As the HLB are determined by the weight percentage of ethylene 
oxide in the structural formula of surfactant (Kim et al., 2001), the effectiveness of 
nonionic surfactants at removing the hydrocarbons from the solid phase was affected 












































T1 - 5g/L of Brij 76 in oil-contaminated sediment.
T2 - 5g/L of Tergitol NP-9  in oil-contaminated sediment.
T3 - 5g/L of Tween 20 in oil-contaminated sediment.
T4 - 5g/L of Span 80 in oil-contaminated sediment.
T5 - 5g/L of Tween 80 in oil-contaminated sediment.
T6 - 5g/L of Triton X-114 in oil-contaminated sediment.
C - oil-contaminated sediment. 
Figure 6.2  Total amount of hydrocarbons remaining in oil-contaminated sediments in 
the presence of nonionic surfactants and control 
 
6.4 Concluding remarks 
 
This experiment showed that among the six nonionic surfactants, Span80 and 
TergitolNP-9 have the least toxic impact on the indigenous microbial biomass, as 
measured by microbial respiration. However, Span80 had low desorption rate of 
hydrocarbons from fuel oil-contaminated sediments during the whole test period. 
Therefore among six, TergitolNP-9 was selected as the most favorable nonionic 





CHAPTER 7.  EFFECTS OF TERGITOLNP-9 ON 
MICROBIAL ACTIVITY, AQUEOUS SOLUBILITY OF 
HYDROCARBONS AND THE DESORPTION OF 
HYDROCARBON COMPOUNDS IN OIL-CONTAMINATED 
SEDIMENTS  
 
7.1  Introduction 
 
The clean-up of oil-contaminated sediments is slow and costly. Surfactant-based 
technology holds the potential to improve bioremediation by increasing both the 
solubilization and mobilization of contaminants with normally very low aqueous 
solubilities and high interfacial tensions.  
 
Many research studies have been undertake in recent years on soil washing using 
surfactants (Nash, 1987; Ang and Abdul, 1991 and Roy et al., 1994). However, little 
information is available for the efficiency of surfactants in the soil washing processes 
at real hazardous waste sites. The presence of high concentrations of surfactants may 
limit biological processes due to the toxicity of some synthetic surfactants and their 
intermediate metabolites. 
 
Continuation of Chapter 6, the purpose of this study is to examine the toxicity of 
TergitolNP-9 with concentration between 0.04-2g/L. This study also investigates the 




PAHs) and the hydrocarbons desorption rate in oil-contaminated sediments at this 
concentration range. 
 
7.2 Experimental design 
 
7.2.1  Soil preparation 
 
Five kilograms of clean and moist sediment from Pulau Semakau were spiked with 5% 
(weight of crude oil/weight of dry weight sediment) of Arabian Light Crude Oil, 
ALCO (for properties of clean sediment and ALCO refer to Table 3.1 and Table 3.2 in 
Chapter 3). The sediment was mixed with ALCO manually and left for weathering in 
the open for two weeks. 
 
7.2.2 Effect of various concentrations of TergitolNP-9 and soluble nutrients 
on microbial respiratory activity 
 
The effect of TergitolNP-9 and soluble nutrient concentrations on the indigenous 
microorganisms was determined in carbon dioxide production experiment using a 
microbial respirometer (Columbus Instruments Micro-Oxymax v 6.08). One hundred 
grams of the weathered sediment was placed in each of the ten respiration chambers 
(1000ml), where five of the chambers were amended with soluble nutrients with N: P 
molar ratios of 10: 1.  The chambers, which contained ALCO-spiked sediments 
amended with and without soluble nutrients were placed in a water bath at 30°C for 3 
days to incubate the microbial community in the sediments. After 3 days, the various 




9 refer to Figure 3.1 and Table 3.4 in Chapter 3) were added to separate chambers. The 
conditions in each of the chambers are shown in Table 7.1. The concentration range of 
TergitolNP-9 selected for this experiment was based on Kim et al., 2001. Kim et al., 
2001 used surfactant concentrations between 0.25-1.5g/L to determine the toxicity of 
surfactant, surfactant concentrations between below critical micelle concentration 
(CMC) and 2g/L for the solubility experiment and surfactant concentrations between 
0.5-2g/L for the desorption analysis in soil slurry phase. 
 
Table 7.1  Conditions in each of the chambers 
Chambers with 5% of ALCO Conditions in oil-contaminated 
sediments  
1 0.04g/L of TergitolNP-9 + 
soluble nutrients 
2 0.5g/L of TergitolNP-9 + soluble 
nutrients 
3 1.0g/L of TergitolNP-9 + soluble 
nutrients 
4 2.0g/L of TergitolNP-9 + soluble 
nutrients 
5 Soluble nutrients 
6 0.04g/L of TergitolNP-9 
7 0.5g/L of TergitolNP-9 
8 1.0g/L of TergitolNP-9 
9 2.0g/L of TergitolNP-9 
10 Control 
 
The chambers were connected to the microbial respirometer and the respirometry assay 









7.2.3 Desorption of hydrocarbons from oil-contaminated sediments and the 
aqueous solubility of hydrocarbons in the presence of various 
concentrations of TergitolNP-9 
 
Experiments were conducted in conical flasks using several concentrations of 
TergitolNP-9 (i.e. 2, 1, 0.8, 0.5, 0.4, 0.2, 0g/L and 0.04g/L [CMC]) in the oil-
contaminated sediments. Fifty grams of the weathered sediment were placed in each of 
the 250ml conical flasks. Various concentrations of TergitolNP-9 were added to 
separated conical flasks, which contained ALCO-contaminated sediments. The 
conditions in each conical flask are shown in Table 7.2.  
 
Table 7.2  Sediment treatments for hydrocarbons extraction 
Flasks with 5% of ALCO Conditions in oil-contaminated 
sediments 
T1 0.04g/L of TergitolNP-9  
T2 0.2g/L of TergitolNP-9 
T3 0.4g/L of TergitolNP-9 
T4 0.5g/L of TergitolNP-9 
T5 0.8g/L of TergitolNP-9 
T6 1.0g/L of TergitolNP-9 
T7 2.0g/L of TergitolNP-9 
C Control 
 
The samples in the conical flasks were equilibrated for 48 hours at 25°C on a rotary 
shaker at 125 rpm. Polypropylene funnels with 110mmφ whatman filter papers were 
used to remove the sediments from the aqueous solutions. The quantities of the 
hydrocarbons in the sediments were determined by TPH analysis (refer to Section 
3.2.2.1 in Chapter 3). The amounts of hydrocarbons in the aqueous solutions were 
measured using liquid-liquid extraction (refer to Section 3.2.2.2 in Chapter 3). The 




fluoranthene, pyrene and benzo(a)pyrene) in the sediments and in the aqueous 
solutions were analyzed using GC-MS (refer to Section 3.2.2.3 and Section 3.2.2.4 in 
Chapter 3). Analysis was completed in duplicate. 
 
7.3 Results and discussion 
 
7.3.1 Effect of various concentrations of TergitolNP-9 and soluble nutrients 
on microbial respiratory activity 
 
Figure 7.1 shows the amounts of carbon dioxide produced by the hydrocarbon-
degrading microorganisms in the oil-contaminated sediments. The hydrocarbons and 
TergitolNP-9 in the ALCO-contaminated sediments both represented the available 
carbon sources in this experiment. From Figure 7.1, both the unamended control 
sediment and the different concentrations of TergitolNP-9-amended sediments gave 
similar carbon dioxide production rate in the course of the experiment. This result 
indicates that TergitolNP-9 with concentrations below 2g/L do not have any 
substantial effect on the respiration rate of the indigenous microorganisms.  
 
In Figure 7.1, the carbon dioxide release rate in nutrient-amended sediment was ten 
times higher than unamended control sediment. Therefore, ALCO-contaminated 
sediment was nutrient limited and soluble nutrients are necessary to increase the 
metabolic activity of the indigenous microorganisms.  
 
Carbon dioxide production rates in sediments treated with various concentrations of 




concentrations of TergitolNP-9 alone (Figure 7.1). Although TergitolNP-9 increases 
the bioavailability of carbon substrates to the microbes, low concentration of nutrients 
(i.e. nitrogen and phosphorus) available in the natural environment limiting the 
respiration rate of the indigenous microorganisms.  
 
Relative to the nutrient-amended sediment, the presence of TergitolNP-9 in the 
nutrient-amended sediments increased the carbon dioxide production rate of the 
microbial biomass (Figure 7.1). The carbon dioxide production rates in sediments 
treated with different concentrations of TergitolNP-9 and soluble nutrients were 
approximately two times higher than in sediment treated with soluble nutrients alone. 
TergitolNP-9 most probably increases the availability of carbon sources to the 
microorganisms with high metabolic activity in the nutrient-amended sediments. 
Therefore, the bioavailability of carbon sources may become the limiting factor for the 
carbon dioxide production rate of microbial biomass in the sediment treated with 
soluble nutrients alone. 
 
In the soluble nutrient-amended sediments, the carbon dioxide production rate was 
increased (approximately 20%) from the CMC value (0.04g/L) to 0.5g/L of 
TergitolNP-9, but decreased until it reached a constant level in the presence of 0.5-
2.0g/L of TergitolNP-9 (Figure 7.1). The decreased in respiration rate in sediments 
amended with 0.5-2.0g/L of TergitolNP-9 and soluble nutrients indicates that 
TergitolNP-9 with concentrations above 0.5g/L has little toxic impact on the 
indigenous microorganisms.  As a result, 0.5g/L of TergitolNP-9, which possibility 
has high ability in transferring the carbon sources to the microbial biomass but no 




(i.e. 69.46 µL/min) among the four concentrations of TergitolNP-9 studied in the 
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Figure 7.1  Respiration rate of microbial biomass in the presence of various 
concentrations of TergitolNP-9 with and without soluble nutrient-amended sediments 
 
7.3.2 Desorption of hydrocarbons (i.e. aliphatic and PAHs) from oil-
contaminated sediments and the aqueous solubility of hydrocarbons in 
the presence of various concentrations of TergitolNP-9 
 
Tests were conducted to assess the effect of different concentrations of TergitolNP-9 
on the release of hydrocarbons (i.e. aliphatic and PAHs) from the sediments as well as 
the aqueous solubility of hydrocarbons in the ALCO-contaminated sediments.     
Figure 7.2 represents the mass balance of hydrocarbons in the sediments, aqueous 
solutions and interface between sediments and aqueous solutions. Relative to the 




increased the total loss of hydrocarbons (i.e. aliphatic and PAHs) from the oil-
contaminated sediments (Figure 7.2). Approximately 13% - 43% of hydrocarbons were 
desorbed from TergitolNP-9-amended sediments (0.04g/L - 2g/L), but only 0.02% of 
hydrocarbons were desorbed from the unamended control sediment. Thus, 
TergitolNP-9, which is considered as a nonionic surfactant is effective at removing 
the adsorbed hydrocarbons from the sediments. 
 
From Figure 7.2, it can be noted that the extent of desorption of hydrocarbons from oil-
contaminated sediments and the aqueous solubility of hydrocarbons are dependent on 
the TergitolNP-9 concentrations, which are in the range of 0.04g/L – 2g/L. After 48 
hours, with 2g/L of TergitolNP-9, 43% of the hydrocarbons were desorbed from the 
sediment and 24% of hydrocarbons were dissolved in the aqueous solution where the 
remaining hydrocarbons (19%) were moved to the solid-liquid phase or lost as a mass 
balance error. However, at the TergitolNP-9 CMC value (i.e. 0.04g/L), only 14% of 
the hydrocarbons were desorbed from the solid phase and 2% of them dissolved in the 
liquid phase, and 12% of them remained in the solid-liquid phase and lost as a mass 
balance error. This result indicates that the solubility of hydrocarbons in the aqueous 
solution, and the desorption of hydrocarbons from the ALCO-contaminated sediments, 
was low when the TergitolNP-9 concentration was near to the CMC level. It was also 
noted that increasing the concentration of TergitolNP-9 from 0.04g/L to 2g/L, 
increased by approximately three-fold, the hydrocarbon desorption from the solid 
phase and by almost eleven-fold, the aqueous solubility of hydrocarbons. This might 
be due to the micelle formation of TergitolNP-9 above its CMC. The large amount of 




more hydrophobic hydrocarbons from the oil-contaminated sediments and transfer 
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Figure 7.2  Amount of hydrocarbons (i.e. aliphatic and PAHs) in the solid phase, 
liquid phase and liquid-solid interface of sediments in the presence of TergitolNP-9 
 
Figure 7.3 and Figure 7.4 show the relative amount of aliphatic hydrocarbons (i.e. 
straight chain n-alkanes and branched alkanes) in the liquid and solid phase after 48 
hours. Compared to the ALCO-spiked control sediment, TergitolNP-9 increased the 
aqueous solubility of the aliphatic hydrocarbons and decreased the relative amount of 
aliphatic hydrocarbons remaining in the oil-contaminated sediments. This result 
demonstrates that TergitolNP-9 decreased the aliphatic hydrocarbons trapped in 





The desorption rate of aliphatic compounds from the solid phase was proportional to 
the aqueous solubility of aliphatic hydrocarbons (see Figure 7.3 and 7.4). When the 
aqueous solubility of aliphatic was increased, the relative loss of aliphatic 
hydrocarbons in the sediments due to the desorption by TergitolNP-9 was also 
increased.  
 
The trend lines in Figure 7.3 and Figure 7.4 imply that the aqueous solubility of 
aliphatic was increased proportionally to the increasing of the concentration of 
TergitolNP-9. When the concentration of TergitolNP-9 was increased from 0.04g/L 
to 2g/L, the relative amount of total straight chain n-alkanes dissolved in the aqueous 
solution was increased by approximately 75%, and the relative amount of branched 
alkanes (i.e. pristane and phytane) in liquid phase was increased by around one-fold. 
Above the CMC (i.e. 0.04g/L), the aliphatic compounds from the sediments were most 
probably dissolved in the TergitolNP-9 micellar cores and brought into aqueous 
solution. The increasing of the concentration of TergitolNP-9 above CMC can be 
expected to increase the micelle formations of TergitolNP-9, which are then able to 
transfer the aliphatic hydrocarbons to the aqueous solution. However, the aqueous 
solubility of aliphatic hydrocarbons was almost constant in the range of 0.8-2g/L of 
TergitolNP-9. Thus, 0.8g/L was selected as the optimal TergitolNP-9 concentration 
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Figure 7.5 and Figure 7.6 show the relative amounts of 4-ring PAHs (i.e. fluoranthene 
and pyrene) and 5-ring PAH (i.e. benzo(a)pyrene) in the solid and liquid phase as a 
function of TergitolNP-9 concentration. From Figure 7.5 and 7.6, it can be noted that 
TergitolNP-9 above CMC also enhanced the extent of desorption of PAHs from the 
oil-contaminated sediments and increased the aqueous solubility of PAHs as compared 
to ALCO-spiked control sediment. Similar to the aliphatic compounds, when the 
relative loss of PAHs in the sediments was increased, the relative amount of PAHs 
dissolved in the aqueous solution also was increased.  
 
The relative amount of PAHs remaining in the sediments decreased proportionally 
with increasing TergitolNP-9 concentration (Figure 7.5 and 7.6). After 48 hours, the 
amount of PAHs that remained in the sediment treated with 2g/L of TergitolNP-9 was 
approximately 56-68% (i.e. 4-ring PAHs and 5-ring PAH) lower than with 0.04g/L of 
TergitolNP-9. Thus, this result proves that large amount of the micellar formations in 
the high concentration of TergitolNP-9 enhanced the desorption rate of PAHs from 
the ALCO-contaminated sediments. In Figure 7.5 and Figure 7.6, the extent of 
desorption of PAHs can be seem to be almost constant between 0.8-2g/L of 
TergitolNP-9 in amended sediments. Therefore, 0.8g/L is also the optimal 
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7.4 Concluding remarks 
 
From the result shown in Figure 7.1, TergitolNP-9 above 0.5g/L only leave a 
marginal toxic impact on the indigenous microbial biomass in soluble nutrient-
amended sediments. Therefore, a TergitolNP-9 concentration of 0.5-2g/L is still 
consider to possess an acceptable toxicity level to the biomass.  
 
This study also found that a concentration of 0.8g/L of TergitolNP-9 in amended 
sediments resulted in the optimum aqueous solubility of aliphatic and PAHs, as well as 
the degree of desorption of aliphatic and PAHs from the ALCO-contaminated 
sediments. Sediments treated with TergitolNP-9 below a concentration of 0.2g/L 
resulted in a very low solubility of hydrocarbons (i.e. aliphatic and PAHs), and 
desorption rate of hydrocarbons from the solid phase. Thus, TergitolNP-9 amendment 
at a concentration of 0.8g/L is the optimal TergitolNP-9 dosage for the oil-
contaminated beach sediments for bioremediation purposes.  
 
However, TergitolNP-9 that increases the aqueous solubility of hydrocarbons may 
contaminate the water environment. Thus, it is suggested that acclimated hydrocarbon-
utilized microorganisms should be added to the aqueous solution in order to degrade 
rapidly the hydrocarbons, which are dissolved in the TergitolNP-9 micellar cores and 








CHAPTER 8. LABORATORY STUDY - EFFECTS OF 
NONIONIC SURFACTANT, TERGITOLNP-9 AND SLOW-
RELEASE FERTILIZER, OSMOCOTETM ON THE 
BIODEGRADATION OF PETROLEUM HYDROCARBONS IN 




Bioremediation is an effective and inexpensive technology for hazardous waste 
removal from the environment. The ability of hydrocarbon compounds to be 
solubilized and transported into bacterial cells capable of metabolizing them is 
potentially the rate-limiting step in biodegradation.  
 
Over the last few years, attention has been focused on increasing the solubility and 
bioavailability of hydrophobic organic compounds with the addition of surfactants 
(Aronstein et al., 1991; Edwards et al., 1994 and Guha, 1996). Even though many 
research studies have indicated that surfactants can enhance the solubility and the 
bioavailability of hydrophobic hydrocarbon compounds, the question remains as to 
whether surfactant-enhanced bioremediation is a feasible process for remediation of 
contaminated soils.  
 
Thus, the goal of this research works was to investigate the effectiveness of 
TergitolNP-9, a nonionic surfactant and a slow release fertilizer, OsmocoteTM on the 




8.2 Experimental design 
 
Sixteen microcosms in a “wetlab”, each measuring 0.30m x 0.25m x 0.25m were 
placed in ambient temperature (i.e. 25-30°C). “Wetlab” is an “open” irrigation system, 
where sediments are free draining, following irrigation with reconstituted seawater. 
This seawater consisted of dissolved natural sea salts in sterile deionised water at a 
density of 1.023 kg/L i.e. the density of natural seawater in Singapore. Each 
microcosm of a “wetlab” comprised a seawater spray outlet and flow meter connected 
to a single water pump and timer. A schematic diagram represents of a “wetlab” is 
shown in Figure 4.1 in Chapter 4. The flow rate, the time and the interval of water 
spraying was controlled automatically and set at 0.15 L/min, 10 min and 24 h 
respectively. Each microcosm was fully saturated with seawater upon irrigation and 
was then held in sediments for one hour before left to drain under gravity between 
wetting intervals. The drainage system in each of the microcosms was covered with 
200-grade mesh in order to prevent sediments and oil flowing out from the 
microcosms. Sediments in the microcosms were tilled daily throughout the experiment 
to ensure an aerobic condition. 
 
One hundred kilograms of clean and moist sediment from Pulau Semakau, Singapore 
was spiked with 5% (weight of crude oil/dry weight of sediment) of Arabian Light 
Crude Oil, ALCO (for properties of sediment and ALCO refer to Table 3.1 and Table 
3.2 in Chapter 3). The sediment was mixed with ALCO manually and left for 
weathering in the open for two weeks.  Five kilograms of the weathered sediment was 
then placed in each of the sixteen microcosms in the “wetlab”. Tay (2001) concluded 




added to oil-contaminated sediments. Therefore, 1.2% (weight of the OsmocoteTM/ dry 
weight of sediments) OsmocoteTM (composition of the OsmocoteTM refers to Section 
3.1.3 in Chapter 3) was added to eight of the microcosms as a nutrient amendment. 
The sediments in the sixteen microcosms were first being left in the open for 10 days 
in order to incubate the indigenous microorganisms in the oil-contaminated sediments. 
Then, three different concentrations of TergitolNP-9 were added to twelve 
microcosms, which contained ALCO-contaminated sediments amended with and 
without OsmocoteTM based on the experimental results in Chapter 7, and also Jaffe and 
Peters, 1997. Jaffe and Peters used a surfactant concentration ranging from zero to 
about twenty times the critical micelle concentration, CMC in their biodegradation 
experiments. The conditions in each microcosm are summarized in Table 8.1. 
 
Table 8.1  Conditions in each microcosm  
Microcosms with 5% of 
ALCO 
Conditions in oil-contaminated sediments  
ST1* 0.2g/L of Tergitol NP-9 + 1.2% of OsmocoteTM 
ST2* 0.4g/L of Tergitol NP-9 + 1.2% of OsmocoteTM 
ST3* 0.8g/L of Tergitol NP-9 + 1.2% of OsmocoteTM 
T* 1.2% of OsmocoteTM 
S1* 0.2g/L of Tergitol NP-9  
S2* 0.4g/L of Tergitol NP-9  
S3* 0.8g/L of Tergitol NP-9  
C* Control 
   * duplicate analysis. 
 
As Tergitol NP-9 is a water-soluble nonionic surfactant, it was added to the sediments 
each time after leachate sampling except on day 0, where Tergitol NP-9 was added 
before leachate sampling.  The leachate from each microcosm following drainage and 
200g of the sediments in each microcosm were sampled for chemical and biological 




For biological analysis, respirometry analysis was conducted to determine the 
respiration rate of the indigenous microbial biomass (refer to Section 3.2.1.1 in 
Chapter 3) and DHA analysis was used to determine the dehydrogenase activity of the 
microorganisms (refer to Section 3.2.1.2 in Chapter 3). For chemical analysis, nutrient 
analysis was used to determine the concentration of NH3-N, NO3--N and PO43--P in the 
sediment leachates (refer to Section 3.2.2.5 in Chapter 3), total petroleum hydrocarbon 
(TPH) method was conducted to extract the petroleum hydrocarbons from sediments 
and gas chromatography-mass spectroscopy (GC-MS) analysis were conducted to 
determine the biodegradation losses of aliphatic and PAHs in the ALCO-contaminated 
sediments (refer to Section 3.2.2.1, 3.2.2.3 and 3.2.2.4 in Chapter 3). TergitolNP-9 in 
sediment leachates was extracted by solid-phase extraction (SPE) (refer Section 3.2.2.6 
in Chapter 3) and the concentration of TergitolNP-9 after extraction was determined 
by high performance liquid chromatography (HPLC) analysis (refer to Section 3.2.2.7 
in Chapter 3). The entire experiment lasted for 49 days.  
 
8.3 Statistical analysis 
 
A two-sample t-test in software MinitabTM assuming unequal variances at a confidence 
interval of 95% was used to determine if mean values of nutrients, TergitolNP-9, total 
n-alkanes, fluoranthene, pyrene, benzo(a)pyrene, pristane and phytane to hopane 
ratios, dehydrogenase activity of the indigenous microorganisms as well as respiration 







8.4 Results and discussion 
 
8.4.1 Nutrient levels in sediment leachates  
 
Figure 8.1, Figure 8.2 and Figure 8.3 show the nutrient (i.e. NH3-N, NO3--N and PO43--
P) concentrations in sediment leachates over the 49-day experimental period. Similar 
to the ALCO-spiked control sediment leachate, the concentration of NH3-N, NO3--N 
and PO43--P in leachates from sediments amended with TergitolNP-9 alone were low 
and stable throughout the duration of the experiment (Figure 8.1, 8.2 and 8.3). 
Therefore TergitolNP-9 did not enhance the nutrient levels (i.e. NH3-N, NO3--N and 
PO43--P) in the oil-contaminated sediments, and the nutrient levels in leachates from 
sediments amended with TergitolNP-9 alone and in ALCO-spiked control did not 
differ significantly (P>0.05) over 49 days.  
 
As shown in Figure 8.1, Figure 8.2 and Figure 8.3, nutrient levels in OsmocoteTM-
amended sediment leachate were higher than unamended control. Thus, OsmocoteTM 
was able to significantly increase (P<0.05) the nutrient concentrations in the sediments 
as compared to the unamended control. The concentration of NH3-N and NO3--N 
decreased almost continuously after day 7 in the OsmocoteTM-amended sediment 
leachate (Figure 8.1 and 8.2). In the OsmocoteTM-amended sediment leachate, 56 ± 4 
mg/L of NH3-N at day 7 decreased to 22 ± 3 mg/L at day 49 and the NO3--N 
concentration decreased from 34 ± 12 mg/L at day 7 to 3 ± 1 mg/L at the end of the 
experiment. After day 7, NH3-N and NO3--N that released from the OsmocoteTM 
pellets were lost due to leaching as well as assimilation by the microbial biomass. 




amended sediment leachate was similar to the unamended control after 49 days. This 
result indicates that NO3--N released from the OsmocoteTM pellets has a high water 
solubility and was easily leached compared to NH3-N and PO43--P.  In Figure 8.3, it 
can be noted that there was almost no detectable increase or decrease in PO43--P 
concentration in the leachate from nutrient-amended sediment over 49 days. This result 
demonstrates that PO43--P released from OsmocoteTM was not easily leached and/or the 
indigenous microorganisms assimilated slowly the PO43--P released in the sediments.  
 
Figure 8.1, Figure 8.2 and Figure 8.3 show that there was not any significant difference 
(P>0.05) in the mean concentration of NH3-N, NO3--N and PO43--P between leachates 
from sediments amended with TergitolNP-9 and OsmocoteTM and leachate from 
sediment amended with OsmocoteTM alone over 49 days. This result implies that 
TergitolNP-9 at various concentrations (0.2, 0.4 and 0.8g/L) may not dissolve the 
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Figure 8.1  NH3-N concentration in leachate over 49 days 
 
                                                 
∗ ST1 (0.2g/L TergitolNP-9 + 1.2% OsmocoteTM ), ST2 (0.4g/L TergitolNP-9 + 1.2% OsmocoteTM )  
   ST3 (0.8g/L TergitolNP-9 + 1.2% OsmocoteTM ), T (1.2% OsmocoteTM ),    
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Figure 8.2  NO3--N concentration in leachate over 49 days 
 
                                                 
∗ ST1 (0.2g/L TergitolNP-9 + 1.2% OsmocoteTM ), ST2 (0.4g/L TergitolNP-9 + 1.2% OsmocoteTM )  
   ST3 (0.8g/L TergitolNP-9 + 1.2% OsmocoteTM ), T (1.2% OsmocoteTM ),    
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Figure 8.3  PO43--P concentration in leachate over 49 days 
 
8.4.2 TergitolNP-9 in sediment leachates 
 
In Figure 8.4, TergitolNP-9 concentration in the leachate is plotted as a function of 
time. The concentration of TergitolNP-9 decreased rapidly within the first 7 days and 
reduced by approximately two-fold for ST1, three-fold for ST2 and S1, four-fold for 
                                                 
∗ ST1 (0.2g/L TergitolNP-9 + 1.2% OsmocoteTM ), ST2 (0.4g/L TergitolNP-9 + 1.2% OsmocoteTM )  
   ST3 (0.8g/L TergitolNP-9 + 1.2% OsmocoteTM ), T (1.2% OsmocoteTM ),    





ST3, seven-fold for S2 and thirteen-fold for S3.∗ This result demonstrates that 
TergitolNP-9 is a water-soluble nonionic surfactant, which can dissolve in the 
artificial seawater and leach out easily. TergitolNP-9 may also be lost via 
biodegradation by the indigenous microbial biomass. However, it is believed that the 
leaching of TergitolNP-9 with small concentration only (each day) will not cause any 
serious effects on the water environment. From Figure 8.4, it can be seem that every 
seven-day after the TergitolNP-9 was added to the sediments amended with three 
different concentrations of TergitolNP-9 with and without OsmocoteTM, the 
concentrations of TergitolNP-9 approached the critical micelle concentration (CMC) 
and they did not differ significantly (P>0.05) during that time. Thus, TergitolNP-9 
should be added to the sediments regularly after 2-3 days in order to maintain a 
sufficient concentration of TergitolNP-9 in the sediments. TergitolNP-9 also must 
be added to the sediments every 5-7 days to prevent the TergitolNP-9 concentration 
falling to below the CMC level. As previously noted in Section 2.5 in Chapter 2, below 
the CMC, TergitolNP-9 mainly existed as monomers and may not contribute to the 
biodegradation loss of hydrocarbons (i.e. aliphatic and PAHs) in the ALCO-
contaminated sediments. 
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Figure 8.4  TergitolNP-9 concentration in the leachate over 49 days 
 
8.4.3 Loss of aliphatic hydrocarbons 
8.4.3.1 Loss of straight (C10 – C33) alkanes 
 
Figure 8.5a to Figure 8.5h show the relative concentrations of individual straight (C10 – 
C33) alkanes in the treated and untreated sediments on a particular sample day. From 
Figure 8.5a to Figure 8.5h, it is noted that the relative losses of individual straight 
chain n-alkanes in sediments amended with three different concentrations of 
TergitolNP-9 and OsmocoteTM as well as sediment amended with OsmocoteTM alone 
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were faster than sediments amended with three different concentrations of 
TergitolNP-9 alone and ALCO-spiked control sediment.   
 
The physical weathering caused the C10-C12 and C33 straight alkanes did not present in 
the treated and untreated sediments throughout the 49-day experimental period (Figure 
8.5a to Figure 8.5h). Similar to Chapter 4 and 5, the degradation of larger carbon 
chains did not increase significantly the relative concentration of smaller carbon chains 
in both treated and untreated sediments throughout the period of the study (Figure 8.5a 
to Figure 8.5h). 
 
The concentration of C30-17α(H), 21β (H) –hopane remaining in the sediments at the 
end of the experiment was equal to that present in the crude oil initially, demonstrating 
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Figure 8.5a  Individual straight alkanes:hopane ratios in sediment amended with  
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Figure 8.5b  Individual straight alkanes:hopane ratios in sediment amended with  
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Figure 8.5c  Individual straight alkanes:hopane ratios in sediment amended with  
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Figure 8.5e  Individual straight alkanes:hopane ratios in sediment amended with  
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Figure 8.5f  Individual straight alkanes:hopane ratios in sediment amended with  
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Figure 8.5g  Individual straight alkanes:hopane ratios in sediment amended with  
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Figure 8.5h  Individual straight alkanes:hopane ratios in unamended control sediment  
 
Figure 8.6 shows the relative total loss of straight chain n-alkanes in the amended and 
unamended sediments over the 49-day duration of the experiment. At the end of the 
experiment, a 60% relative total loss of straight alkanes was found in sediment 
amended with 0.8g/L of TergitolNP-9 alone, while only a 19% loss occurred in the 
unamended control sediment. However, the relative total loss of straight alkanes in 
0.2g/L and 0.4g/L of TergitolNP-9-amended sediments were similar (P>0.05) to the 
unamended control sediment. The result demonstrates that only TergitolNP-9 when 
amended to sediments above 0.8g/L may greatly accelerate the leaching loss as well as 
the biodegradation loss of total straight alkanes.  
 
The relative total loss of straight alkanes in the OsmocoteTM- amended sediment was 




experiment on day 49. Thus, OsmocoteTM pellets significantly enhanced (P<0.05) the 
biodegradation loss of straight chain n-alkanes in the sediments. The rate of the 
biodegradation loss of straight chain n-alkanes is clearly limited by the amount of 
nutrients (i.e. nitrogen and phosphorus) available in the natural environment. 
 
In Figure 8.6, the relative concentration of straight alkanes in sediments amended with 
three different concentrations of TergitolNP-9 and OsmocoteTM were similar (P>0.05) 
to the sediment amended with OsmocoteTM alone on day 49. This result shows that the 
substantial degradation loss of straight alkanes in the sediments amended with 
TergitolNP-9 and OsmocoteTM at the end of the experiment most likely was due to 
the beneficial effects of the additive nutrients from OsmocoteTM pellets alone. Thus, 
relative to OsmocoteTM-amended sediment, sediments amended with OsmocoteTM and 
TergitolNP-9 at a concentration between 0.2-0.8g/L did not show any significant 
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Figure 8.6  Total straight chain n-alkanes:hopane ratios of Arabian Light Crude Oil 
during the experiment 
 
8.4.3.2 Loss of branched alkanes 
 
Analysis was conducted to assess the effect of three different concentrations of 
TergitolNP-9 and OsmocoteTM on the relative loss of branched alkanes (i.e. pristane 
and phytane) over 49 days. Branched alkanes are more recalcitrant to biodegradation 
compared to the straight (C10 – C33) alkanes (Atlas, 1995). Relative to the unamended 
control, TergitolNP-9 increased the relative losses of pristane and phytane in the 
sediments (see Figure 8.7 and Figure 8.8). The relative loss of branched alkanes in the 
sediments was proportional to the concentration of TergitolNP-9 in the sediments 
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during the experiment. When TergitolNP-9 concentration added to the sediments 
increased from 0.2g/L to 0.8g/L, the relative loss of pristane increased by 
approximately 8% and the relative loss of phytane increased by approximately 14% at 
the end of the experiment. This is most likely due to the increased concentration of 
TergitolNP-9 in the sediments leading to increase the dissolution of the branched 
alkanes and enhanced the bioavailability of branched alkanes to the degrading 
microorganisms. 
 
Relative to an unamended control, OsmocoteTM pellets had a strongly effect on the 
relative loss of branched alkanes in the sediments (Figure 8.7 and 8.8). At the end of 
the experiment, 98% of pristane and 95% of phytane were lost in the OsmocoteTM- 
amended sediment. In contrast, 71% of pristane and 73% of phytane were still present 
in the unamended control sediment at the termination of the experiment on day 49. The 
presence of nutrients (i.e. nitrogen and phosphorus) from OsmocoteTM pellets 
significantly enhanced (P<0.05) the biodegradation loss of branched alkanes as 
compared to the unamended control. The nutrient-limited natural environment will 
restrict greatly the biodegradation loss of the branched alkanes.   
 
Similar to total straight chain n-alkanes’ result, the relative loss of branched alkanes 
(i.e. pristane and phytane) in sediments amended with three different concentrations of 
TergitolNP-9 and OsmocoteTM were similar (P>0.05) to the OsmocoteTM-amended 
sediment at the end of the experiment (Figure 8.7 and Figure 8.8). The relative loss of 
branched alkanes in sediment amended with 0.8g/L of TergitolNP-9 alone were 




OsmocoteTM is more effective in enhancing the relative loss such as biodegradation 
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Figure 8.7  Pristane:hopane ratio of Arabian Light Crude Oil during the experiment 
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Figure 8.8  Phytane:hopane ratio of Arabian Light Crude Oil during the experiment 
 
8.4.4 Loss of polycyclic aromatic hydrocarbons (PAHs) 
 
In Figure 8.9, Figure 8.10 and Figure 8.11, PAH relative losses are plotted as a 
function of time. Polycyclic aromatic hydrocarbons (PAHs) with high molecular 
weight have low water solubility, which increases their sorption to surfaces and limits 
their availability to biodegrading microorganisms (Ron and Rosenberg, 2002). The 
relative losses of 4-ring PAHs (i.e. fluoranthene and pyrene) and 5-ring PAH (i.e. 
benzo(a)pyrene) in TergitolNP-9-amended sediments at a concentration of 0.2g/L to 
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0.8g/L were slightly higher than in the ALCO-spiked control sediment (P>0.05) at the 
end of the experiment (Figure 8.9, 8.10 and 8.11). This result implies that 
TergitolNP-9 above its CMC value (i.e. 0.04 g/L) may incorporate PAHs into the 
hydrophobic micellar cores and dramatically increase the aqueous solubility of PAHs, 
which resulting in their leaching losses and enhance the bioavailability of PAH 
hydrophobic compounds to the microbes, leading to their biodegradation.  
 
At day 49, 0.8g/L of TergitolNP-9-amended sediment resulted in the highest relative 
PAH losses (i.e. biodegradation losses and leaching losses) compared to 0.2g/L and 
0.4g/L of TergitolNP-9-amended sediments (Figure 8.9, 8.10 and 8.11). Above CMC 
(0.04g/L), increased concentrations of TergitolNP-9 will result in an increased 
amount of TergitolNP-9 micellar cores, which are essential in transporting the 
hydrophobic PAHs to the aqueous solution as well as to the PAHs degrading microbes.   
 
Relative to the unamended control sediment, OsmocoteTM pellets increased the relative 
losses of 4-ring PAHs (i.e. fluoranthene and pyrene) and 5-ring PAH (i.e. 
benzo(a)pyrene) at the end of the experiment (Figure 8.9, 8.10 and 8.11). At day 49, 
almost 77% of fluoranthene, 80% of pyrene and 76% of benzo(a)pyrene were lost in 
the OsmocoteTM-amended sediment compared to only 44-48% in the unamended 
control sediment. It seems that the presence of nutrients (i.e. NH3-N, NO3--N and PO43-
-P) released from OsmocoteTM pellets accelerated the biodegradation losses of 4-ring 
PAHs and 5-ring PAH in the sediments.  
 
In Figure 8.9, Figure 8.10 and Figure 8.11, at the end of the experiment, the relative 




benzo(a)pyrene) in sediments amended with three different concentrations of 
TergitolNP-9 and OsmocoteTM were similar (P>0.05) to sediment amended with 
OsmocoteTM alone. The relative loss of 4-ring PAHs (i.e. fluoranthene and pyrene) in 
sediments amended with TergitolNP-9 and OsmocoteTM were significantly (P<0.05) 
higher than in sediments amended with TergitolNP-9 alone at day 49. Thus, 
OsmocoteTM fertilizer is more effective in enhancing the biodegradation loss as well as 
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Figure 8.9  Fluoranthene:hopane ratio of Arabian Light Crude Oil during the 
experiment 
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Figure 8.10  Pyrene:hopane ratio of Arabian Light Crude Oil during the experiment 
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8.4.5 Respiration of microbial biomass 
 
Figure 8.12 and Figure 8.13 show the respiration rate of the indigenous 
microorganisms over the 49-day duration of the experiment. In this experiment, 
hydrocarbons (i.e. aliphatic and PAHs) and TergitolNP-9 were used as the carbon 
sources. After day 28, when the TergitolNP-9 concentration was increased from 
0.2g/L to 0.8g/L, the respiration rate of microbial biomass in TergitolNP-9-amended 
sediments also increased. In this case, the high respiration rate in 0.8g/L of 
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TergitolNP-9-amended sediment after day 28 might be due to the high biodegradation 
rate of Tergitol NP-9 in the sediments (see Figure 8.4).  
 
In Figure 8.12 and Figure 8.13, OsmocoteTM pellets significantly increased (P<0.05) 
the respiration rate of microbial biomass as compared to sediments amended with 
TergitolNP-9 alone and unamended control sediment before day 28. It seems that 
before day 28, the high respiration rate of microbial biomass in OsmocoteTM-amended 
sediments was due to the high biodegradation rate of aliphatic (i.e. straight and 
branched alkanes) in the sediments [see Figure 8.6, 8.7 and 8.8].  
 
The oxygen uptake rate in sediment amended with 0.4g/L of TergitolNP-9 and 
OsmocoteTM was higher than in sediment amended with 0.2g/L of TergitolNP-9 and 
OsmocoteTM as well as in sediment amended with OsmocoteTM alone over the duration 
of the experiment (Figure 8.12). This phenomenon might be due to the high 
biodegradation rate of surfactant in sediment amended with 0.4g/L of TergitolNP-9 
and OsmocoteTM (see Figure 8.4).  
 
In the presence of OsmocoteTM, the respiration rate of microbial biomass in sediment 
amended with 0.4g/L of TergitolNP-9 was higher than in sediment amended with 
0.8g/L of TergitolNP-9 before day 28 (Figure 8.12 and 8.13). Before day 28, the 
biodegradation rate of fluoranthene in sediment amended with 0.4g/L of TergitolNP-
9 and OsmocoteTM were higher than in sediment amended with 0.8g/L of TergitolNP-
9 and OsmocoteTM (see Figure 8.9). However, from day 35 to the end of the 
experiment, the respiration rate of indigenous microorganisms in sediment amended 




with 0.4g/L of TergitolNP-9 and OsmocoteTM (Figure 8.12 and 8.13). After day 35, 
surfactant biodegradation may lead to the high respiration rate of indigenous microbial 
biomass in sediment amended with 0.8g/L of TergitolNP-9 and OsmocoteTM. 
 
At the end of the experiment, the respiration rate in sediments amended with 
TergitolNP-9 and OsmocoteTM as well as in sediment amended with OsmocoteTM 
alone was low (Figure 8.12 and Figure 8.13). This might be due to the low and 
depleted relative concentration of hydrocarbons (i.e. aliphatic and PAHs) available for 
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Figure 8.12  Oxygen uptake rate in treated and untreated sediments over 49 days 
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Figure 8.13  Carbon dioxide production rate in treated and untreated sediments over 
49 days 
 
8.4.6 Dehydrogenase activity (DHA) of microbial biomass 
 
Analysis was conducted to assess the effect of TergitolNP-9 and OsmocoteTM pellets 
on the dehydrogenase activity of indigenous microbial biomass over 49 days. In Figure 
8.14, the dehydrogenase activity of indigenous microorganisms in sediments amended 
with three different concentrations of TergitolNP-9 alone was lower than unamended 
control over 49 days. This result shows that TergitolNP-9 may have little toxic impact 
on the microbial biomass. TergitolNP-9 may disrupt cellular membranes (Helenius 
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and Simons, 1975) and increase the microbial cells death rate. Following cell death, 
microbial dehydrogenase in the natural environment degrades rapidly (Rossel et al, 
1997). In t-test model, the mean dehydrogenase activity of microbial biomass in 
sediments treated with three different concentrations of TergitolNP-9 did not differed 
significantly (P>0.05).   
 
Relative to the ALCO-spiked control sediment, sufficient nutrients (i.e. NH3-N, NO3--
N and PO43--P) released from OsmocoteTM significantly enhanced (P<0.05) the 
dehydrogenase activity of the indigenous microbial biomass (Figure 8.14).  
 
In Figure 8.14, the dehydrogenase activity in the sediments amended with three 
different concentrations of TergitolNP-9 in the presence of OsmocoteTM was similar 
to sediment amended with OsmocoteTM alone (P>0.05) over 49 days. Therefore, the 
presence of TergitolNP-9 irrespective of concentration did not result in any 
substantial effects on the metabolic activity of microbial biomass in the OsmocoteTM-
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Figure 8.14  Dehydrogenase activity of the indigenous microorganisms in treated and 
untreated sediments over 49 days  
 
8.5 Concluding Remarks 
 
OsmocoteTM is an effective nutrient source to significantly enhance the biodegradation 
loss of hydrocarbons such as aliphatic (i.e. straight alkanes and branched alkanes) and 
PAHs in oil-contaminated sediments over a 49-day period. The rapid disappearance of 
hydrocarbons due to the application of the OsmocoteTM pellets is an effective 
bioremediation additive in a leached, open beach environment.  
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TergitolNP-9 above its critical micelle concentration (CMC) enhanced the 
biodegradation rate of petroleum hydrocarbons in the sediments throughout the 
experiment. TergitolNP-9 at a concentration of 0.2-0.8g/L slightly enhanced the 
biodegradation and leaching losses of aliphatic and PAHs in oil-contaminated 
sediments. Above its CMC, TergitolNP-9 most probably increased the bioavailability 
of straight alkanes (i.e. C10 - C33), branched alkanes (i.e. pristane and phytane) and 
PAHs (i.e. fluoranthene, pyrene and benzo(a)pyrene) to the microorganisms for 
biodegradation. Besides, TergitolNP-9 also reduced the hydrocarbons (i.e. aliphatic 
and PAHs) sorption to the sediments and increased their water solubility, leading to the 
leaching loss. Among the three different concentrations of TergitolNP-9, 0.8g/L of 
TergitolNP-9 resulted in the maximum biodegradation loss and leaching loss of 
hydrocarbons (i.e. aliphatic and PAHs) in the sediments over the 49-day experimental 
period. Therefore, 0.8g/L is the optimal TergitolNP-9 dosage for enhancing the 















CHAPTER 9.  CONCLUSIONS AND RECOMMENDATIONS 
 
9.1  Conclusions 
 
Bioremediation is a potential technology for the cleaning of oil-contaminated 
shorelines in Singapore. As bioremediation encourages natural biodegradation 
processes, it may have a lower environmental impact compared with physical and 
chemical removal of oil. In bioremediation, converting the hydrocarbon components 
into carbon dioxide, water and biomass reduces the toxicity of the oil spill.  
 
In this research study, bioremediation investigations were conducted in both the 
laboratory and in the Pulau Semakau field trial. Hydrocarbons (i.e. aliphatic and 
PAHs) degradation and metabolic capabilities of the indigenous microorganisms in oil-
contaminated beach sediments were monitored in laboratory and field trial to assess 
the bioremediation efficacy. OsmocoteTM, a slow release fertilizer and TergitolNP-9, 
a nonionic surfactant were used as bioremediation agents in these laboratory and field 
trial studies. 
 
From the results in Chapter 4 and Chapter 5, in both the laboratory and the field trial 
studies, 1.2%(w/w) of Osmocote fertilizer was able to sustain a significantly elevated 
level of nutrients (i.e. nitrogen and phosphorus) in beach sediments over a 30-day 
experimental period (Chapter 4) and a 105-day experimental period (Chapter 5). The 
sustained release of nutrients (i.e. nitrogen and phosphorus) in sediments amended 
with OsmocoteTM was also sufficient to significantly enhance the metabolic activity of 




(i.e. straight and branched alkanes) in leached beach sediments under natural field and 
laboratory conditions during the experimental period. In the laboratory study in 
Chapter 4, the relative loss of aliphatic hydrocarbons in the OsmocoteTM-amended 
sediment was approximately 57-73% higher than in an unamended control sediment 
over a 30-day period. In the field trial study (Chapter 5), 92% of total straight alkanes, 
79% of pristane and 74% of phytane were lost due to biodegradation and leaching in 
the OsmocoteTM-amended sediment, whereas only 35% of total straight alkanes, 29% 
of pristane and 34% of phytane were lost in the control by day 28. Thus, OsmocoteΤΜ 
can be regarded as an effective slow-release fertilizer for the indigenous microbial 
biodegradation of petroleum hydrocarbons in open, leached beach sediments in the 
tropical environment of Singapore. 
 
In Chapter 6, among Triton X-114TM, Tween80, Tween20, Span80, TergitolNP-9 
and Brij76, TergitolNP-9 was found to have the least toxic impact on the microbial 
biomass and the high desorption rate of hydrocarbons from the sediments. Therefore, 
TergitolNP-9 was considered as the most favorable nonionic surfactant for reducing 
the petroleum hydrocarbons in oil-contaminated beach sediments.  
 
In chapter 7, among tested concentrations 0.04-2g/L of TergitolNP-9, 0.8g/L of 
TergitolNP-9 resulted in the most favorable aqueous solubility of aliphatic 
hydrocarbons and PAH desorption rate. A concentration of 0.8g/L of TergitolNP-9 
had little toxic impact on the indigenous microorganisms; where the carbon dioxide 
production rate in sediment amended with 0.8g/L of TergitolNP-9 and soluble 
nutrients was only slightly lower (approximately 9%) than in sediment amended with 




0.8g/L is therefore considered to possess an acceptable level of toxicity to the 
indigenous microbial biomass. Thus, TergitolNP-9 amendment at a concentration of 
0.8g/L is the optimal TergitolNP-9 dosage for oil-contaminated beach sediments for 
bioremediation purposes. 
 
From the experimental results in Chapter 8, the microbial dehydrogenase activity in 
sediments amended with 0.2-0.8g/L of TergitolNP-9 alone was slightly lower than 
(approximately 25%) unamended control sediment (P>0.05 in t-test model) over a 49-
day experimental period. Therefore, TergitolNP-9 at a concentration between 0.2-
0.8g/L resulted in a marginal toxic impact on the indigenous microorganisms. Besides, 
0.2-0.8g/L of TergitolNP-9 slightly increased the biodegradation and leaching losses 
of aliphatic (i.e. straight and branched alkanes) and PAHs (i.e. 4-ring and 5-ring PAHs) 
in the ALCO-contaminated beach sediments over a 49-day experimental period. 
TergitolNP-9 at concentrations of 0.2-0.8g/L slightly increased the bioavailability of 
hydrophobic hydrocarbon (i.e. aliphatic and PAHs) compounds to the indigenous 
microorganisms for biodegradation, reduced the adherence of hydrocarbons to the 
surface area of the sediments and enhanced the aqueous solubility of hydrocarbons. 
Sediment amended with 0.8g/L of TergitolNP-9 resulted in the highest 
biodegradation and leaching losses of aliphatic and PAHs. Relative to 0.2g/L and 
0.4g/L of TergitolNP-9, 0.8g/L of TergitolNP-9 will have the highest amount of 
micellar cores, which are essential in transporting the hydrophobic hydrocarbons to the 
aqueous solution as well as to the hydrocarbon degrading microbes. From the HPLC 
analysis, the rapid disappearance of TergitolNP-9 in the sediment leachate indicates 
that TergitolNP-9 is a water-soluble nonionic surfactant, which can rapidly dilute and 




The results in Chapter 8 also show that OsmocoteTM is more effective than 
TergitolNP-9, at a concentration between 0.2-0.8g/L, for accelerating the 
biodegradation rate of petroleum hydrocarbons in the open, leached beach 
environment. As compared with TergitolNP-9, OsmocoteTM shortens the treatment 
period to remediate aliphatics and PAHs in the oil-contaminated sediments. 
 
9.2  Recommendations and suggestions for further study 
 
In Chapter 4 and 5, it is recommended that the microbial population of petroleum 
degraders in the OsmocoteTM-amended sediment and unamended control over a 30-day 
experimental period for the laboratory study and over a 105-day experimental period 
for the field trial study is determined by using the Most Probable Number (MPN) 
technique. As compared to the unamended control, effect of 1.2%(w/w) of 
OsmocoteTM on the population of petroleum degrading microorganisms can be 
investigated in both laboratory and field trial studies. Besides, the relationship between 
the metabolic activity of indigenous microorganisms and the population of petroleum 
degrading microorganisms in the OsmocoteTM-amended sediment and unamended 
control should be determined in both laboratory and field trial investigations over the 
duration of the experimental period. 
 
In Chapter 8, as 0.2-0.8g/L of TergitolNP-9 only slightly enhanced the 
biodegradation rate of aliphatic and PAHs during the 49-day period, TergitolNP-9 at 
concentrations between 0.8g/L and 2g/L are suggested to be added to the ALCO-




the selected concentration range on the metabolic activity of indigenous microbial 
biomass and biodegradation rate of aliphatic and PAHs.  
 
As TergitolNP-9 is a water-soluble nonionic surfactant, which can rapidly dilute and 
leached out of the sediment profile, TergitolNP-9 should be added to the sediments 
regularly every 2-3 days in order to maintain a sufficient concentration of 
TergitolNP-9. 
 
In Chapter 8, GC-MS analysis using C30-17α(H), 21β(H)–hopane as a conservative 
biomarker was only conducted to determine the effect of OsmocoteTM and 
TergitolNP-9 on the biodegradation rate of 4-ring PAHs (i.e. fluoranthene and 
pyrene) and 5-ring PAH (i.e. benzo(a)pyrene) in oil-contaminated sediment over a 49-
day experimental period. Thus, it is suggested that GC-MS analysis is also used to 
determine the biodegradation rate of 2-ring PAHs (i.e., naphthalene and its C1 to C4 
alkyl homologues); 3-ring PAHs (i.e., phenanthrene, dibenzothiophene, fluorene, and 
their C1 to C4 alkyl homologues); and 6-ring PAHs (i.e., indeno(123-cd)pyrene, 
benzo(ghi)perylene, antanthrene) in sediments amended with TergitolNP-9 alone, 
sediment amended with OsmocoteTM alone and sediments amended with   










CHAPTER 10.  EXPERIMENTAL ERRORS 
 
Based on the experimental results, the error bars in some of the figures appeared 
significantly due to the following reasons: 
 
i. It was very difficult to ensure that the mixing of the oil and the sediment were 
100% homogenous during the random sampling.   
 
ii. The extraction of hydrocarbons (i.e. aliphatic and PAHs) from the oil-
contaminated sediments might not be 100% complete. After the extraction, 
some of the hydrocarbons in the crude oil still retain within the sediment and 
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A.1 Statistical analysis 
 
A.1.1  A Tukey’s One Way ANOVA test in software SigmaStat 3.0 at a 
confidence interval of 95% 
 
Example: mean dehydrogenase activity in 1.2%(w/w) OsmocoteTM-amended sediment 
and in control sediment on day 28 
 
One Way Analysis of Variance Sunday, July 06, 2003, 3:52:52 PM 
 
Data source: Data 1 in Notebook 1 
 
Group Name  N  Missing Mean Std Dev SEM  
Row 1 3 0 14.453 2.044 1.180  
Row 2 3 0 1.003 0.599 0.346  
 
Source of Variation  DF   SS   MS    F    P   
Between Groups 1 271.334 271.334 119.622 <0.001  
Residual 4 9.073 2.268    
Total 5 280.407     
 
The differences in the mean values among the treatment groups are greater than would 
be expected by chance; there is a statistically significant difference  (P = <0.001). 
 
Power of performed test with alpha = 0.050: 1.000 
 
 
All Pairwise Multiple Comparison Procedures (Tukey Test): 
 
Comparisons for factor:  
Comparison Diff of Means p q P P<0.050  








A.1.2  A two-sample t-test in software MinitabTM assuming unequal variances 
at a confidence interval of 95% 
 
Example: mean carbon dioxide release rate in 1.2%(w/w) OsmocoteTM-amended 
sediment and in control sediment on day 21 
 
Two-Sample T-Test and Confidence Interval: T, C 
 
Two-sample T for T vs C 
 
   N      Mean     StDev   SE Mean 
T  2    11.189     0.132     0.093 
C  2    1.0935    0.0109    0.0077 
 
Difference = mu T - mu C 
Estimate for difference:  10.0956 
95% Confidence Interval for difference: (8.9064, 11.2848) 
T-Test of difference = 0 (vs not =): T-Value = 107.87   
P-Value = 0.006  DF = 1 
 
If the P-value is less than 0.05, there is a statistically significant difference for the 















B.1 Mechanism of nutrients (i.e. nitrogen and phosphorus) release from 
OsmocoteTM  
 
Slow release fertilizer, OsmocoteTM works on the principle of osmosis. OsmocoteTM 
absorbs moisture from the sediment and causing them to swell into plump capsules. 
The nutrients (i.e. NH3-N, NO3--N and PO43--P) are then slowly released through the 





Figure B.1  Mechanism of nutrient releases from OsmocoteTM 
 
B.2  Surfactant transfers hydrophobic hydrocarbon to the microbial biomass 
for biodegradation 
 
In step a, a surfactant brings the hydrophobic hydrocarbon that dissolve in the micellar 
core to the microbial cell. In step b, surfactant transfers the hydrophobic hydrocarbon 
from the micellar core to the microbes. In step c, microbial biomass degrades the 




















































Figure C.1  Photograph showing the microcosms of “wetlab” (Top view) 
 
 





Figure C.3  Photograph of “wetlab” (Front view) 
 
